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BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] The present invention relates generally to data transceivers. 

Background Art 

[0002] A communication device including a transmitter and a receiver is known 

as a transcei ver. Known transceivers can transmit and receive data signals. There 
are demands on such transceivers to transmit and receive such data signals with 
low error rates and at ever increasing data rates, to reduce power dissipation, cost, 
and size. Therefore, there is a general need for a transcei ver capable of satisfying 
such demands. 

[0003] It is desirable to integrate transceiver circuits on an integrated circuit (IC) 

chip to reduce size and power dissipation of the transceiver. The circuits on the 
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IC chip typically operate in accordance with timing signals. However, oscillators 
used to generate such timing signals have disadvantages, including typically large 
sizes, high power dissipation, and deleterious electromagnetic radiative properties 
(that is, the oscillators tend to radiate electromagnetic interference across the IC 
chip). Also, oscillators used in communication devices often need to be tunable 
in both phase and frequency and in response to rapidly changing signals. This 
requires complex oscillator circuitry. Moreover, multiple oscillators on a 
common IC chip are subjected to undesired phenomena, such as phase and/or 
frequency injection locking, whereby one oscillator can deleteriously influence 
the operation of another oscillator. 

[0004] Therefore, there is a general need to integrate transceiver circuits on an IC 

chip. There is a related need to reduce the number and complexity of oscillators 
constructed on the IC chip, to thereby avoid or substantially reduce all of the 
above-mentioned disadvantages associated with such oscillators. 

[0005] To reliably process a received data signal, a receiver typically needs to 

match its operating characteristics with the characteristics of the received data 
signal. For example, in the case of baseband data transmissions, the receiver can 
derive a sampling signal, and then use the sampling signal to sample the received 
data signal at sample times that produce optimal data recovery. In this way, data 
recovery errors can be minimized. 

[0006] Precision timing control techniques are required to achieve and maintain 

such optimal sampling times, especially when the received data signals have high 
data rates, such as multi-gigabit-per-second data rates. Such timing control 
includes control of the phase and frequency of a sampling signal used to sample 
the received data signal. 

[0007] As the received data signal rate increases into the multi-gigabit-per-second 

range, the difficulty in effectively controlling sampling processes in the receiver 
(such as controlling phase and frequency characteristics of the sampling signal) 
correspondingly increases. For example, semiconductor circuits, such as 
complementary metal oxide semiconductor (CMOS) circuits, are often unable to 
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operate at sufficiently high frequencies to optimally control the sampling 
processes. For example, it becomes increasingly difficult at such high received 
signal data rates to provide sufficiently short time delays usable for controlling 
sampling phases of the sampling signal. 
[0008] Accordingly, there is a need for systems and techniques in a data receiver 

that provide effective sampling of high data rate signals. There is a related need 
to reduce the number of circuit components required to provide such effective 
data signal sampling, thereby reducing cost, size, and power dissipation in the 
data receiver. 

BRIEF SUMMARY OF THE INVENTION 
I. Phase Interpolator 

[0009] The present invention is directed to a phase interpolation system. The 

phase interpolation system includes a stage controller adapted to produce a 
plurality of stage control signals, and a plurality of reference stages that are each 
adapted to convert one of a plurality of reference signals into a corresponding 
component signal. Each reference stage performs this conversion in response to 
a respective one of the stage control signals. Each of the component signals has 
a distinct phase that is determined by the corresponding reference signal phase. 

[0010] The phase interpolation system also includes a combining node that is 

adapted to combine (e.g., sum) the component signals into an output signal 
having an interpolated phase. 

[0011] Each of the plurality of reference stages may include a conversion module 

and one or more scaling modules. The conversion module is adapted to convert 
the corresponding reference signal into the corresponding component signal 
according to a scaling factor. The one or more scaling modules are adapted to 
adjust the scaling factor in response to a value of the corresponding stage control 
signal. 



[0012] Each of the stage control signals may include a plurality of binary control 

subsignals. In this embodiment, the value of each stage control signal is the sum 
of the corresponding binary control signals. Each of these subsignals may be 
received by one of a plurality of scaling modules. As a result, the scaling factor 
of the respective reference stage increases with the value of the corresponding 
stage control signal. 

[0013] In a specific implementation, four reference stages are each adapted to 

convert one of four reference signals into a corresponding component signal in 
response to a respective one of the stage control signals. These four reference 
signals each have one of four phases that are separated at substantially 90 degrees 
intervals. 

[0014] The conversion module of each reference stage may include a 

transconductance device, such as a field effect transistor (FET). 
[0015] The output signal as well as each of the reference and component signals 

may be differential signals. 
[0016] The stage controller may be a phase control signal rotator adapted to 

adjust the plurality stage control signals such that the output signal is phase 

aligned with a serial data signal. 
[0017] Without the use of conventional techniques, such as time-delays, the 

phase interpolator advantageously provides output signal phases that span a 

complete rotation of 360 degrees. 



II. Timing Recovery System 

[0018] A receiver of the present invention includes a timing recovery system to 

recover timing information from a received serial data signal. The receiver uses 
such recovered ti ming information to compensate for frequency and phase offsets 
that can occur between the received serial data signal and a receiver sampling 
signal used to sample the serial data signal. The timing recovery module of the 
present invention recovers/extracts phase and frequency information from the 



received serial data signal. The timing recovery module derives the sampling 
signal using the phase and frequency information. The timing recovery module 
phase aligns and frequency synchronizes the sampling signal with the serial data 
signal to enable the receiver to optimally sample the serial data signal. 
[0019] The timing recovery system of the present invention includes a phase 

interpolator. The phase interpolator derives a sampling signal having an 
interpolated phase in response to 1) phase control inputs derived by the timing 
recovery system, and 2) a set of reference signals derived from a master timing 
signal. The timing recovery system causes the interpolator to align the 
interpolated phase of the sampling signal with the serial data signal phase. In 
addition, the timing recovery system can cause the interpolator to rotate the 
interpolated phase of the sampling signal at a controlled rate to synchronize the 
sampling signal frequency to the serial data signal frequency. 
[0020] The present invention advantageously simplifies a master oscillator used 

to generate the master timing signal (mentioned above) because the phase 
interpolator, not the oscillator, tunes the phase and frequency of the sampling 
signal. In other words, the master oscillator need not include complex phase and 
frequency tuning circuitry, since the need for such functionality is met using the 
timing recovery system. Additionally, multiple, independent timing recovery 
systems can operate off of a single, common master timing signal, and thus, a 
single master oscillator. This advantageously reduces to one the number of 
master oscillators required in a multiple receiver (that is, channel) environment 
on an IC chip. In such a multiple receiver environment, each of the multiple 
independent timing recovery systems (and interpolators) can be associated with 
each one of the multiple receivers. Each timing recovery system can track the 
phase and frequency of an associated one of multiple receive data signals, thus 
obviating the need for more than one oscillator. 
[0021] In one embodiment, the present invention is directed to a system for 

recovering timing information from a serial data signal. The system comprises 
a phase interpolator adapted to produce a timing signal having an interpolated 
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phase responsive to a plurality of phase control signals. The system further 
comprises a phase controller adapted to derive a rotator control signal based on 
a phase offset between the received data signal and the timing signal. The system 
further comprises a phase control signal rotator adapted to rotate the plurality of 
phase control signals and correspondingly the interpolated phase of the timing 
signal in response to the rotator control signal. The phase controller is adapted 
to cause the phase control signal rotator to rotate the plurality of phase control 
signals and correspondingly the interpolated phase of the timing signal in a 
direction to reduce the phase offset between the received data signal and the 
timing signal. The rotator control signal is one of a phase-advance, a phase- 
retard, and a phase-hold signal. The phase control signal rotator rotates the 
plurality of phase controls signals in a first direction to advance the interpolated 
phase of the timing signal in response to the phase-advance signal, rotates the 
plurality of phase controls signals in a second direction to retard the interpolated 
phase in response to the phase-retard signal, and prevents the plurality of phase 
control signals and correspondingly the interpolated phase from rotating in 
response to the phase-hold signal. 

[0022] In another embodiment, the present invention is directed to a method of 

recovering timing information from a serial data signal. The method comprises 
deriving a timing signal having an interpolated phase in response to a plurality of 
phase control signals, deriving a rotator control signal based on a phase offset 
between the received data signal and the timing signal, and rotating the plurality 
of phase control signals and correspondingly the interpolated phase of the timing 
signal in response to the rotator control signal. 

[0023] In still another embodiment, the present invention is directed to a system 

for recovering timing information from a serial data signal. The system 
comprises a phase interpolator adapted to derive a sampling signal having an 
interpolated phase based on a plurality of control signals. The system further 
comprises a controller coupled to the phase interpolator. The controller includes 
a phase error processor adapted to derive an estimate of a frequency offset 



-7- 

between the sampling signal and the serial data signal. The controller causes the 
phase interpolator to rotate the interpolated phase of the sampling signal at a rate 
corresponding to the frequency offset so as to reduce the frequency offset between 
the sampling signal and the serial data signal. 
[0024] In yet another embodiment, the present invention is directed to a method 

of recovering timing information from a serial data signal. The method 
comprises deriving a sampling signal having an interpolated phase, estimating a 
frequency offset between the sampling signal and the serial data signal, and 
rotating the interpolated phase of the sampling signal at a rate corresponding to 
the frequency offset, thereby reducing the frequency offset between the sampling 
signal and the serial data signal. The method also comprises repetitively rotating 
the interpolated phase of the sampling signal through a range of phases spanning 
360° at the rate corresponding to the frequency offset. The method also 
comprises rotating the interpolated phase of the sampling signal in a direction of 
increasing phase to decrease a frequency of the sampling signal when the 
frequency of the sampling signal is greater than a frequency of the serial data 
signal, and rotating the interpolated phase of the sampling signal in a direction of 
decreasing phase to increase a frequency of the sampling signal when the 
frequency of the sampling signal is less than the frequency of the serial data 
signal. 

[0025] 

LH. High-Speed Serial Data Transceiver 

[0026] The present invention provides a multiple-receiver transceiver (also 

referred to as a multi-channel transceiver), on an IC chip. This is also referred to 
herein as a multi-channel communication device, on an IC chip. The 
communication device advantageously includes only a single master timing 
generator (that is, oscillator module), to reduce power consumption, size, part 
count and complexity, and avoid problems associated with multiple oscillator 
architectures, such as those described above. Each receiver in the communication 



device can process (that is, recover data from) a respective received, analog serial 
data signal having a multi-gigabit-per-second data rate. Each receiver is 
associated with an independently operating timing recovery system, including a 
phase interpolator, for phase and frequency tracking the respective received, 
analog serial data signal. 

[0027] In an embodiment, the present invention is directed to a communication 

device on an IC chip. The communication device comprises a master signal 
generator adapted to generate a master timing signal, and a receive-lane adapted 
to receive an analog serial data signal. The receive-lane includes a sampling 
signal generator adapted to generate multiple time-staggered sampling signals 
based on the master timing signal, and multiple data paths each adapted to sample 
the serial data signal in accordance with a corresponding one of the 
time-staggered sampling signals. The multiple data paths thereby produce 
multiple time-staggered data sample streams. The communication device also 
includes a data demultiplexer module adapted to time-deskew and demultiplex 
the multiple time-staggered data streams. The serial data signal has a 
multi-gigabit symbol rate. Each of the time-staggered sampling signals, and 
correspondingly, each of the time-staggered data sample streams, has a data rate 
below the multi-gigabit symbol rate. The data demultiplexer is adapted to 
produce a demultiplexed data sample stream representative of the serial data 
signal having the multi-gigabit symbol rate. 

[0028] In another embodiment, the present invention is directed to a method in 

a communication device. The method comprises generating a master timing 
signal, and generating multiple time-staggered sampling signals based on the 
master timing signal. The method further comprises sampling a received, analog 
serial data signal in accordance with each of the multiple time-staggered sampling 
signals, thereby producing multiple time-staggered data sample streams. The 
method further comprises time-deskewing the multiple time-staggered data 
streams to produce multiple time-deskewed data streams, and demultiplexing the 
multiple time-deskewed data streams. 
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[0029] In yet another embodiment, the present invention is directed to a 

communication device on an IC chip. The device is configured to receive 
multiple, analog serial data signals. The device comprises a master timing 
generator adapted to generate a master timing signal. The device also includes 
multiple receive-lanes, each configured to receive an associated one of the 
multiple serial data signals. Each receive-lane includes a phase interpolator 
adapted to produce a sampling signal having an interpolated phase, and a data 
path adapted to sample and quantize the associated serial data signal in 
accordance with the sampling signal. The device also includes an interpolator 
control module coupled to each receive-lane. The interpolator control module is 
adapted to cause the phase interpolator in each receive-lane to rotate the 
interpolated phase of the sampling signal in the receive-lane at a rate 
corresponding to a frequency offset between the sampling signal and the serial 
data signal associated with the receive-lane, so as to reduce the frequency offset 
between the sampling signal and the serial data signal. 

[0030] In an even further embodiment, the present invention is directed to a 

method in a communication device configured to receive multiple serial data 
signals. The method comprises generating a master timing signal, and deriving 
multiple sampling signals based on the master timing signal. Each of the multiple 
sampling signals is associated with one of the multiple serial data signals and 
each of the sampling signals has an interpolated phase. The method further 
comprises sampling and quantizing each of the multiple serial data signals 
according to the associated one of the sampling signals. The method also 
comprises rotating the interpolated phase of each sampling signal at a rate 
corresponding to a frequency offset between the sampling signal and the serial 
data signal associated with the receive-lane so as to reduce the frequency offset 
between the sampling signal and the serial data signal. The method also 
comprises rotating each interpolated sampling signal phase independently of the 
other one or more interpolated sampling signal phases. 
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Terminology 

[0031] The sampling signal (mentioned above) and the serial data signal are 

considered "phase-aligned" when their respective phases are such that the 
sampling signal causes the serial data signal to be sampled at or acceptably near 
an optimum sampling time for sampling the serial data signal. 

[0032] "Frequency synchronized" or "frequency matched" means the frequencies 

of the sampling signal and serial data signal are related to one another such that 
the sampling signal and the serial data signal do not tend to "drift" in time relative 
to one another. For example, once initially phase-aligned, the sampling signal 
and the serial data signal will remain phase-aligned over time as long as the 
sampling signal and the serial data signal are frequency synchronized. An 
exemplary frequency matching condition corresponds to when the frequency of 
the serial data signal is an integer multiple (that is, one, two, etc.) of the frequency 
of the sampling signal. 

[0033] When the sampling signal and the serial data signal are "frequency offset" 

from.one another, the two signals are not frequency synchronized. "Nulling" such 
a frequency offset causes the sampling and serial data signals to be frequency 
synchronized. 

[0034] The above defined terms "phase-aligned," "frequency synchronized," 

"frequency matched," "frequency offset," and "nulling" shall be construed to be 
consistent with their usage in the following description. 

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES 

[0035] The present invention will be described with reference to the 

accompanying drawings. In the drawings, like reference numbers generally 
indicate identical, functionally similar, and/or structurally similar elements. The 
drawing in which an element first appears is indicated by the leftmost digit(s) in 
the reference number. 
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[0036] FIG. 1 is a block diagram of a simple communication system. 

[0037] FIG. 2 is a block diagram of a portion of an exemplary receiver. 

[0038] FIG. 3 is a block diagram of a timing recovery module/system. 

[0039] FIG. 4A is an illustration of an example analog serial data signal 

waveform. 

[0040] FIG. 4B is an illustration of an example symbol of the serial data signal 

of FIG. 4A. 

[0041] FIGs. 4C, 4D, and 4E are illustrations of three different data sampling 

time scenarios. 

[0042] FIG. 5A is a sampled waveform corresponding to the waveform of FIG. 

4A. 

[0043] FIGs. 5B and 5C are example illustrations of data and phase sample time 

lines. 

[0044] FIGs. 6A, 6B, and 6C are illustrations of three different sampling time 

scenarios. 

[0045] FIG. 7 is a flow diagram of an example method of recovering timing 

information from a serial data signal. 
[0046] FIG. 7A is a flow chart of an example method expanding on a phase 

rotating step of the method of FIG. 7. 
[0047] FIG. 8 is a block diagram of a phase interpolation environment. 

[0048] FIG. 9 is a block diagram of a first phase interpolator implementation. 

[0049] FIG. 10 is a phasor diagram. 

[0050] FIG. 1 1 is a schematic of a reference stage circuit that receives a binary 

control signal. 

[0051] FIG. 1 2 is a block diagram of a second phase interpolator implementation. 

[0052] FIG. 13 is a schematic of a reference stage circuit that receives a control 

signal having multiple binary subsignals. 
[0053] FIGs. 14Aand 14B are each schematics of a phase interpolator including 

a combining node circuit. 
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[0054] FIG. 15 is a block diagram of a phase interpolator and a phase control 

signal rotator. 

[0055] FIGs. 15A and 15B are illustrations of alternative implementations of a 

ring of storage cells used in the phase control signal rotator of FIG. 15. 

[0056] FIGs. 16A-16C are diagrams of phase rings corresponding to the phase 

interpolator and phase control signal rotator of FIG. 15. 

[0057] FIG. 17 is an illustration of a frequency offset in a portion of a timing 

recovery module. 

[0058] FIG. 18 is an illustration of compensating for the frequency offset of FIG. 

17 in the portion of the timing recovery module. 
[0059] FIG. 18A is a block diagram of a timing recovery system for frequency 

synchronizing a sampling signal to a serial data signal. 
[0060] FIG. 19 is a block diagram of a phase error processor of FIG. 18A and 

FIG. 3. 

[0061] FIG. 20 is a flowchart of a method involving phase and frequency 

tracking. 

[0062] FIG. 20A is a flow chart of an example method expanding on a rotating 

step of the method of FIG. 20. 

[0063] FIG. 20B is a block diagram of an example timing recovery system for 

synchronizing sampling and serial data signal frequencies without using a control 

i 

signal rotator. 

[0064] FIG. 20C is a flow chart of an example high level method of controlling 

a phase interpolator, corresponding to the timing recovery systems of FIGs. 18A 
and20B. 

[0065] FIG. 20D is a flow chart of an example high level method of frequency 

synchronizing a sampling signal to a serial data signal. 
[0066] FIG. 21 is an illustration of an example of a multiple channel 

communication device constructed on an integrated circuit (IC) chip, according 

to an embodiment of the present invention. 
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[0067] FIG. 22 is an illustration of a receive-lane corresponding to one channel 

of the multiple channel communication device of FIG. 21, according to an 

embodiment of the present invention. 
[0068] FIG. 23 is an illustration of various example signal waveforms taken from 

the receive-lane of FIG. 22. 
[0069] FIG. 24 is a phase circle representing the phases of sampling signals of 

FIG. 23. 

[0070] FIG. 25 is a block diagram of a data demultiplexer module from FIG. 22, 

according to an embodiment of the present invention. 
[0071] FIG. 26 is a block diagram of an interpolator control module from 

FIG. 22, according to embodiment of the present invention. 
[0072] FIG. 27 is a block diagram of a digital data processor of FIGs. 21 and 22, 

according to an embodiment of the present invention. 
[0073] FIG. 28 is a block diagram of a multiple channel communication device, 

according to an embodiment of the present invention. 
[0074] FIG. 29 is a flow chart of an example method of processing a serial data 

signal in multiple data paths of a single channel of a serial data receiver. 
[0075] FIG. 30 is a flow chart of an example method of frequency synchronizing 

multiple data sampling signals to multiple corresponding serial data signals. 
[0076] FIG. 31 is an illustration of an example use of a 

transceiver/communication device of the present invention in an example signal 

router. 

[0077] FIG. 32 is a block diagram of an alternative phase interpolator 

implementation. 

[0078] FIG. 33 is a block diagram of another alternative phase interpolator 

implementation. 
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DET AILED DESCRIPTION OF THE INVENTION 
I. Overview 

[0079] FIG. 1 is a block diagram of a simple communication system 100 

including a transmitter 100 and a receiver 102. Transmitter 100 transmits a serial 
data signal 104 including, for example, a series of data symbols, to receiver 102. 
Serial data signal 104 has a frequency fl (for example, a symbol baud rate fl) and 
a phase (pi both related to a frequency and a phase of an oscillator (not shown) 
local to transmitter 100. 

[0080] Receiver 102 samples serial data signal 104 (for example, symbols 

included in the serial data signal) to recover data from the serial data signal. 
Receiver 102 samples serial data signal at sample times established by a sampling 
signal 106 generated locally at receiver 102. Locally generated sampling signal 
106 has a frequency f2 and a phase cp2. 

[0081] To minimize errors in recovering the data from serial data signal 104, it 

is desirable that frequencies f2 and f 1 match one another, and that phases (pi and 
cp2 are aligned with one another, such that sampling signal 106 causes receiver 
102 to sample serial data signal 104 at optimum sample times coinciding with 
occurrences of a maximum Signal-to-Noise (S/N) level of the serial data signal. 
Often, however, frequency f2 and phase (p2 are respecti vely offset from frequency 
f 1 and phase (pi because of differences between the respective oscillators used in 
transmitter 100 and receiver 102. 

[0082] The phase offset between phase (pi and phase q>2 can cause receiver 102 

to sample serial data signal 104 at sub-optimal sample times, while the frequency 
offset between frequencies f 1 and f2 tends to cause the serial data signal to "drift" 
through sampling signal 106. Therefore, such offsets can cause errors in 
recovering the data from serial data signal 104. Therefore, it is desirable to 
compensate for such deleterious frequency and phase offsets in receiver 102 in 
order to optimally recover data from serial data signal 104. 
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II. Exemplary Receiver 

[0083] FIG. 2 is a block diagram of a portion of an exemplary receiver 200 

including a timing recovery module 202 of the present invention. Receiver 200 
also includes a reference signal generator 204. Timing recovery module 202 
receives serial data signal 104, including, for example, a series of data symbols. 
Reference signal generator 204 generates a set of reference signals 206 and 
provides the reference signal set to timing recovery module 202. 

[0084] Based on serial data signal 104 and reference signal set 206, timing 

recovery module 202 derives a timing/sampling signal 208 used by receiver 200 
to recover data from serial data signal 104. Timing/sampling signal 208 is 
preferably used as a sampling signal in receiver 200 to sample symbols included 
in serial data signal 104. Timing recovery module 202 derives sampling signal 
208 such that the sampling signal is phase-aligned with serial data signal 104 and 
such that the frequency of sampling signal 208 matches the frequency (such as a 
symbol baud rate) of serial data signal 104. In this manner, timing recovery 
module 202 recovers timing information (for example, phase and frequency 
information) from serial data signal 104 in accordance with the principles of the 
present invention, as described in detail below. 

[0085] FIG. 3 is a block diagram of timing recovery module 202 according to an 

embodiment of the present invention. Timing recovery module 202 includes a 
phase controller 302, a phase control signal rotator 304, and a phase interpolator 
306. Phase controller 302 includes a data path 308, a phase path 310, a phase 
detector 312 coupled to the data and phase paths, and a phase error processor 314 
coupled to the phase detector. 

[0086] Also depicted in FIG. 3 is an exemplary block diagram of reference signal 

generator 204. Reference signal generator 204 includes a reference oscillator 
330, a Phase Locked Loop (PLL) 332, and a signal set generator 334. Reference 
oscillator 330 provides an oscillator signal 335 to PLL 332. PLL 332 synthesizes 
a reference signal 336 based on oscillator signal 335, and provides the reference 
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signal to signal set generator 334. PLL 332 can include an inductance- 
capacitance (LC), voltage controlled oscillator, for example. Signal set generator 
334 generates the set of reference signals 206 based on reference signal 336. The 
reference signals included in reference signal set 206 all have a same frequency 
but different predetermined phases. Signal set generator 334 provides reference 
signal set 206 to phase interpolator 306 of timing recovery module 202. PLL 332 
and signal set generator 334 can be implemented as a tapped ring oscillator, for 
example. 

[0087] Phase interpolator 306 produces timing/sampling signal 208 (mentioned 

above in connection with FIG. 2) and a second timing/sampling signal 344 offset 
in phase from sampling signal 208, based on reference signal set 206 and a 
plurality of digital phase control signals 340 applied to the phase interpolator. 
Sampling signals 208 and 344 each have an interpolated phase controlled in 
accordance with digital control signals 340. Sampling signal 208 and second 
sampling signal 344 are also referred to herein as data sampling signal 208 and 
phase sampling signal 344, for reasons that will become apparent from the 
description below. 

[0088] Data path 308 includes sampling and quantizing signal processing 

modules to sample and quantize serial data signal 104 in accordance with sample 
times established by sampling signal 208. Data path 308 produces a data signal 
346 including sampled and quantized data samples representative of serial data 
signal 104. Data path 308 provides data signal 346 to phase detector 312. 

[0089] Similarly, phase path 310 includes sampling and quantizing signal 

processing modules for sampling and quantizing serial data signal 104 at sample 
times established by phase sampling signal 344. The sampling times established 
by phase sampling signal 344 are offset in phase from the sample times 
established by data sampling signal 208. Phase path 310 produces a second data 
signal 348 (referred to herein as a phase signal 348) including a series of phase 
samples also indicative of serial data signal 104. Phase path 310 provides phase 
signal 348 to phase detector 312. Exemplary data and phase paths are described 
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later in connection with FIGs. 22 and 28. However, the present invention is not 
limited to such implementations. 

[0090] Phase detector 3 12 detects a phase error 350 between.data sampling signal 

208 and serial data signal 104 based on the data samples in data signal 346 and 
the phase samples in phase signal 348. Phase error 350 arises because of an 
undesirable phase offset between data sampling signal 208 (and also phase 
sampling signal 344) and serial data signal 104. Thus phase error 350 can be 
considered a phase error signal indicative of the phase offset between data 
sampling signal 208 and serial data signal 104. 

[0091] Phase detector 3 1 2 provides phase error 350 to phase error processor 3 14. 

Phase eiTor processor 3 14 process phase error 350 to derive one of a set of rotator 
control signals or commands 354. Phase error processor 3 14 provides the rotator 
control command to phase control signal rotator 304. 

[0092] Phase control signal rotator 304 stores the digital phase control signals 

340 applied to phase interpolator 306, and manipulates the same in response to 
the rotator control commands 354. Signal rotator 304 rotates the plurality of 
digital phase control signals 340 and correspondingly the interpolated phase of 
data sampling signal 208 relative to serial data signal 104 in response to the 
rotator control commands 354, such that the sampling signal and the serial data 
signal become phase aligned with one another. 

III. Exemplary Signal Waveforms 

[0093] FIG. 4A is an illustration of an example waveform 402 of analog serial 

data signal 104. Waveform 402 represents a Non-Return-to-Zero (NRZ) signal 
swinging above (i.e., in a positive direction "+") and below (i.e., in a negative 
direction "- ") a zero-line 408, to respectively convey information, such as digital 
"Is" and "0s." The serial data signal represented by waveform 402 includes a 
series of consecutive symbols 404 each having a symbol period T. Dashed 
vertical lines 406 in FIG. 4 A represent boundaries between adjacent symbols 404. 
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Recei ved symbols 404 have a "rounded" instead of "squared" appearance because 
of transmission band-limiting effects on serial data signal 104. 

[0094] FIG. 4B is an illustration of an example symbol 410 from waveform 402. 

An optimum sample time t 0 at which the receiver can sample symbol 410 
coincides with a maximum amplitude 412 and correspondingly a maximum 
symbol S/N of the symbol. In the depicted example, time t G coincides with a 
mid-point of symbol 410. With reference again to FIG. 3, the present invention 
adjusts the phase of sampling signal 208 to cause data path 308 to sample each 
symbol in serial data signal 104 at an optimum data sample time, such as at 
sample time t G depicted in FIG. 4B. 

[0095] FIGs. 4C, 4D, and 4E are illustrations of three different data sampling 

time scenarios. FIG. 4C is an illustration of an on-time data sampling scenario. 
With reference to FIG. 3 and FIG. 4C, in the on-time scenario, sampling signal 
208 causes data path 308 to sample data symbol 410 at a sample time t d 
(represented as an upward pointing arrow in FIG. 4C) coinciding with optimum 
sample time t G , to produce an on-time data sample 4 14 coinciding with mid-point 
412 of symbol 410 (depicted in FIG. 4B). Since sample time t d coincides with 
optimum sample time t 0 , sampling signal 208 is considered to be phase-aligned 
with symbol 410, that is, with serial data signal 104. In other words, there is a 
minimum acceptable (or preferably a zero-time) offset between sample time t d 
and optimum sample time t Q . 

[0096] FIG. 4D is an illustration of an early or leading data sampling scenario. 

In the leading data sampling scenario, data sample time t d defined by sampling 
signal 208 precedes (that is, leads) optimum sample time t Q because the phase of 
sampling signal 208 leads the phase of symbol 410 in serial data signal 104. In 
response to this sub-optimal early phase condition, the present invention retards 
the phase of sampling signal 208 relative to serial data signal 104 (and thus 
received symbol 410) so as to align sample time t d with optimum sample time t G , 
as depicted in FIG. 4C. 
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[0097] FIG. 4E is an illustration of a late sampling time scenario. In the late 

sampling scenario, sample time t d follows optimum sample time t Q because the 
phase of sampling signal 208 lags the phase of serial data signal 104 (and symbol 
410). In response to this sub-optimal lagging phase condition, the present 
invention advances the phase of sampling signal 208 so as to align sample time 
t d with optimum sample time t G , as depicted in FIG. 4C. 

[0098] Receiver sampling of serial data signal 104 using data path 308 and phase 

path 310 in accordance with sampling signals 208 and 344 is now further 
described by way of example with reference to FIGS. 5A, 5B, and 5C. FIG. 5A 
is a sampled waveform 502 corresponding to serial data signal waveform 402 of 
FIG. 4A. Sampled waveform 502 includes a series of spaced data samples 504 
(depicted as circles superimposed on the waveform trace) produced by data path 
308 in accordance with data sampling signal 208. Sampled waveform 504 also 
includes a series of spaced phase samples 506 (depicted as squares superimposed 
on the waveform trace) produced by phase path 310 in accordance with phase 
sampling signal 344. 

[0099] FIG. 5B is an example data sample timeline 510 established by data 

sampling signal 208. Data path 308 samples serial data signal 104 at data sample 
times, for example, at sample times t dl , t d2 , and t d3 (referred to generally as sample 
time(s) t d ), to produce corresponding data samples 504 ls 504 2 , and 504 3 included 
in data signal 346. Data sampling signal 208 can be a clock wave having an 
approximately 50% duty cycle, wherein each sample time t d coincides with a 
rising edge of the clock wave, for example. The clockwave can have higher or 
lower duty cycles. 

[0100] FIG. 5C is an example phase sample time line 520 established by phase 

sampling signal 344. Phase path 310 samples serial data signal 104 at phase 
sample times of, for example, t pl , t p2 , and t p3 (represented as downward pointing 
arrows and referred to generally as phase sample time(s) t p ), to produce 
corresponding phase samples 506i 506 2 , and 506 3 included in phase signal 348. 
Phase sampling signal 344 can be a clock wave having an approximately 50% 
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duty cycle, wherein each sample time t p coincides with a rising edge of the clock 
wave, for example. The clockwave is not limited to a 50% duty cycle. 

[0101] When data sampling signal 208 is phase aligned with serial data signal 

104 as depicted in FIG. 4C, for example, and when the frequency (that is, pulse 
repetition interval) of sampling signal 208 matches the frequency (that is, symbol 
baud rate) of serial data signal 104, adjacent data sampling times (e.g., t dI , t d2 ,) 
and adjacent phase sampling times (e.g., t pl , t p2 ,) are separated by symbol period 
T. Also, adjacent data and phase sample times (e.g., t dI , t pl ,) are separated by a 
half symbol period T/2. 

[0102] FIGs. 6A, 6B, and 6C are illustrations of sampling time scenarios 

corresponding respectively to previously described FIGs. 4C, 4D and 4E, except 
that phase samples are added to FIGs. 6A, 6B, and 6C. In an on-time sampling 
scenario illustrated in FIG. 6A, a phase sample 602 (for example 506 ( ) precedes 
data sample 414 (for example 504 2 ), and a phase sample 404 (for example, 506 2 ) 
follows data sample 414. First and second phase samples 602 and 604 coincide 
with zero-line 408 in the on-time scenario depicted in FIG. 6A. This indicates 
data sample time t d coincides with optimum sample time t 0 , and thus, the phases 
of sampling signal 208 and serial data signal 104 are optimally aligned with one 
another. 

[0103] In a leading sampling scenario depicted in FIG. 6B, leading phase sample 

602 has a negative value while data sample 414 and trailing phase sample 604 
have positive values. This indicates data sample time t d leads optimum sampling 
time t Q , and thus, the phase of sampling signal 208 correspondingly leads the 
phase of serial data signal 104. 

[0104] On the other hand, in a lagging sampling time scenario depicted in 

FIG. 6C, leading phase sample 602 and data sample 414 have positive values 
while trailing phase sample 604 has a negative value. This indicates data sample 
time t d trails optimum sample time t Q , and thus, the phase of sampling signal 208 
correspondingly lags the phase of serial data signal 104. 
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IV. Exemplary Timing Recovery Method 

[0105] FIG. 7 is a flow diagram of an example method 700 of recovering timing 

information from an NRZ serial data signal (such as serial data signal 104) that 
can be implemented using timing recovery module 202. 

[0106] At a first step 702, phase interpolator 306 receives the reference signals 

having different phases in reference signal set 206. Interpolator 306 combines in 
varying relative proportions the reference signals into data sampling signal 208 
in response to the plurality of digital phase control signals 340, thereby producing 
data sampling signal 208 with a digitally controlled interpolated phase. Phase 
interpolator 306 also produces phase sampling signal 344 in response to the 
digital phase control signal such that the phase sampling signal and the data 
sampling signal are offset in phase from one another by a predetermined amount 
corresponding to a fraction (for example, one-half) of a symbol period of serial 
data signal 104. 

[0107] At a next step 704, data path 308 samples serial data signal 104 (i.e., the 

symbols included in serial data signal 104) at data sample times t d according to 
the data sampling signal 208 to produce data samples in data signal 346. Phase 
path 310 also samples serial data signal 104 at phase sample times t offset in 
phase relative to the data sample times t d to produce phase samples in phase 
signal 348. 

[0108] At a next step 706 (depicted in dotted line in FIG. 7), phase detector 312 

detects a phase error or phase offset between data sampling signal 208 and serial 
data signal 104 based on the data samples in data signals 346 and the phase 
samples in phase signal 348. Next steps 708, 710 and 712 described below 
collectively represent step 706. At step 708, phase detector 312 examines the 
data samples in data signal 346 to detect occurrences of low-to-high and high-to- 
low data sample transitions. Such transitions occur at symbol boundaries. 

[0109] At next step 710, phase detector 312 determines whether each of the data 

sample times t d near to detected data sample transitions (from step 706) is early 
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or late with respect to optimum symbol sample time t G , based on data and phase 
samples near the detected data sample transitions. 

[0110] At next step 712, phase detector 312 derives phase error signal 350 

indicative of whether each data sample time t d is early or late with respect to the 
optimum symbol sample time t Q . Phase detector 312 derives as the phase error 
signal an Early decision signal indicating the phase of sampling signal 208 leads 
the phase of serial data signal 104 when the data sample time t d precedes 
optimum sample time t 0 . Therefore, phase detector 312 produces a series of such 
Early decision signals over time while the phase of sampling signal 208 leads the 
phase of serial data signal 104. 

[0111] Alternatively, phase detector 312 derives as the phase error signal 350 a 

Late decision signal indicating the phase of sampling signal 208 lags the phase 
of serial data signal 104 when the data sample time t d follows optimum sample 
time t G . Therefore, phase detector 312 produces a series of such Late decision 
signals over time while the phase of sampling signal 208 lags the phase of serial 
data signal 104. 

[0112] On the other hand, phase detector 312 tends to produce a series of 

randomly alternating Late and Early decision signals over time while sampling 
signal 208 and serial data signal 104 are phase aligned with each other. 

[0113] At a next step 720, phase error processor 314 processes the phase-error 

over time (i.e., over many data and phase samples, and corresponding Early/Late 
decision signals) to determine which of the phase control commands 354 needs 
to be asserted. Phase error processor 314 can include an accumulator and/or a 
filter for accumulating and/or filtering the Early or Late decision signals included 
in phase error signal 350, to determined which of the phase control commands 
354 needs to be asserted. The set of phase control commands 354 includes a 
phase-hold command, a phase-retard command, and a phase-advance command. 
Phase error processor 314 asserts: 

a. the phase-hold command when sampling signal 208 and serial 

data signal 104 are phase aligned with one another; 
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b. the phase-retard command when the phase of sampling signal 208 
leads the phase of serial data signal 104; and 

c. the phase-advance command when the phase of sampling signal 
208 lags the phase of serial data signal 104. 

[0114] At a next step 730, phase control signal rotator 304 rotates the plurality 

of digital phase control signals 340, and correspondingly the interpolated phase 
of data sampling signal 208, in response to the phase-retard/phase-advance 
control command asserted by phase error processor 314, such that data sampling 
signal 208 and serial data signal 104 become phase aligned with one another as 
depicted, for example, in FIG. 6A. Alternatively, signal rotator 304 holds the 
plurality of digital phase control signals 340 in position, thereby preventing 
rotation of the phase control signals and correspondingly the interpolated phase 
of data sampling signal 208, in response to the phase-hold control command 
when asserted by phase error processor 314. 

[0115] FIG. 7A is a flow chart of an example method 770 expanding on phase 

rotating step 730 of method 700. A step 775 is initiated in response to the phase 
retard command. At step 775, the interpolated phase of sampling signal 208 is 
retarded relative to serial data signal 104. 

[0116] A step 780 is initiated in response to the phase advance command. At 

step 780, the interpolated phase of sampling signal 208 is advanced relative to 
serial data signal 104. 

[0117] A step 785 is initiated in response to the phase hold command. At step 

785, the interpolated phase of sampling signal 208 is held at a present value. 

V. Phase Interpolator 

[0118] As described above with reference to FIG. 3 and FIG. 7, timing recovery 

module 202 includes a phase interpolator 306 that combines reference signals 206 
to generate sampling signals 208 and 344. These sampling signals are generated 
by interpolation techniques performed by phase interpolator 306. These 
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interpolation techniques can provide sampling signal phases that span a complete 
rotation of 360 degrees. These phases are achieved without the use of 
conventional techniques, such as time-delays. 

[0119] In addition to the exemplary timing recovery and receiver applications 

described herein, the phase interpolation techniques of the present invention may 
be used in other applications. 

[0120] An exemplary phase interpolator environment is now described. FIG. 8 

is a block diagram of a phase interpolation environment 800. Environment 800 
includes a phase interpolator 801, such as phase interpolator 306, and a stage 
controller 806, such as phase control signal rotator 304 or other controller. The 
controller 806 is not limited to a control signal rotator. 

[0121] Interpolator 801 includes a plurality of reference stages 802a-d that are 

each coupled to stage controller 806, and a combining node 804 that is coupled 
to each of reference stages 802. As shown in FIG. 8, each reference stage 802 
receives a corresponding reference signal 820. These reference signals are each 
periodic waveforms that each have a distinct phase. Examples of periodic 
waveforms include sinusoid, rectangular waveforms, trapezoidal waveforms, and 
other similar periodic signals. 

[0122] In addition, each reference stage 802 receives a corresponding control 

signal 822 from stage controller 806. As shown in FIG. 8, reference stage 802a 
receives control signal 822a, reference stage 802b receives control signal 822b, 
and reference stage 802c receives control signal 822c. 

[0123] Each reference stage 802 generates a component signal 824 from its 

corresponding reference signal 822 according to a scaling factor that is the ratio 
of a component signal 824 magnitude to its corresponding reference signal 820 
magnitude. A reference stage 802 scaling factor is determined by its 
corresponding control signal 822. For example, reference stage 802a generates 
component signal 824a from reference signal 822a according to a scaling factor 
determined by control signal 822a. 



[0124] These scaling factors control the magnitude of corresponding component 

signals 824. This controlled magnitude may be zero. Thus, control signals 822 
may scale as well as activate and deactivate corresponding component signals 
824. 

[0125] Component signals 824 are each sent to combining node 804. As shown 

in FIG. 8, reference stage 802a generates a component signal 824a, reference 
stage 802b generates a component signal 824b, reference stage 802c generates a 
component signal 824c, and so on. 

[0126] Combining node 804 combines each of component signals 824 to produce 

an output signal 826. This combining includes summing each of the individual 
component signals 824 (some of which may have a magnitude equal to zero). As 
a result of this combining, output signal 826 is a periodic waveform having a 
phase that is derived from the phases of component signals 824. This derivation 
is referred to herein as phase interpolation. 

[0127] Stage controller 806 generates stage control signals 822 in response to an 

interpolation command 828 that is received from a master system controller (not 
shown), such as rotator control commands 354 received from phase error 
processor 314. Exemplary details regarding interpolation command 828 are 
provided in greater detail below. 

[0128] As described above, each reference stage 802 generates a component 

signal 824 from a reference signal 820 having a distinct phase. These generated 
component signals 824 each have a distinct phase that is determined by the 
corresponding reference signal 820 phase. For example, a component signal 824 
may have the same or substantially the same phase as its corresponding reference 
signal 820. Alternatively, a component signal 824 may have a phase that is offset 
by a predetermined phase shift from the corresponding reference signal 820 
phase. 

[0129] Through phase interpolation, the present invention can provide a complete 

range of phases (i.e., 360 degrees) for output signal 826. This complete range is 
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provided through the deployment of more than two reference stages 802 and a 
strategic predetermined selection of reference signal 820 phases. 

[0130] FIG. 9 is a block diagram of a first phase interpolator 801 implementation. 

This implementation includes four reference stages 802a-d that receive reference 
signals 820a-d, respectively. Each of reference signals 820a-d has a distinct, 
predetermined phase. As shown in FIG. 9 by way of example, reference signal 
820a has a phase 910a of zero degrees, reference signal 820b has a phase 910b 
of 90 degrees, reference signal 820c has a phase 910c of 180 degrees, and 
reference signal 820d has a phase 910d of 270 degrees. Thus, the 
implementation of FIG. 9 includes four reference signals 820 having phases 910 
that are separated at intervals of 90 degrees. 

[0131] In addition, FIG. 9 illustrates that each reference stage 802 includes a 

scaling module 902, and a conversion module 904 that is coupled to scaling 
module 902. Each conversion module 904 receives and converts a reference 
signal 820 into a corresponding component signal 824 according to a scaling 
factor. Scaling module 902 establishes this scaling factor in response to its 
corresponding control signal 822. Details regarding implementations of scaling 
module 902 and conversion module 904 are provided below. 

[0132] The phase interpolator 801 implementation shown in FIG. 9 receives 

binary control signals 822 that are capable of having two distinct values (i.e., 0 
and 1). Accordingly, FIG. 9 shows phase interpolator 801 having an operational 
state where control signals 822a, 822c, and 822d have values of 0, and control 
signal 822d has a value of 1. 

[0133] FIG. 10 is a phasor diagram that illustrates the phase interpolation 

capabilities of the phase interpolator 801 implementation shown in FIG. 9. This 
implementation is capable of generating output signal 826 having one of eight 
possible phases. These eight possible phases are spaced at intervals of 45 
degrees, and span a complete rotation of 360 degrees. Phasor diagram 1000 
includes phasors 1002, 1006, 1010, and 1014. These phasors have the same 
phases as reference signal phases 910a, 910b, 910c, and 9 lOd, respectively. 
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[0134] In addition, phasor diagram 1000 includes phasors 1004, 1008, 1012, and 

1016. These phasors have phases that are between reference phases 910a-d. As 
shown in FIG. 10, phasor 1004 has a phase of 45 degrees, phasor 1008 has a 
phase of 135 degrees, phasor 1012 has a phase of 225 degrees, and phasor 1016 
has a phase of 315 degrees. These "between" phases are established through 
combining two component signals 824 at combining node 804. 

[0135] Table 1, below, shows how the values of control signals 822a through 

822d determine which of the phasors in FIG. 3 represents output signal 826. 



Table 1 



Control Signals 


Output Signals 


2922a 


2922b 


2922c 


2922d 


Phasor 


Phase 


0 


0 


0 


1 


1002 


0 


0 


0 


1 


1 


1004 


45 


0 


0 


1 


0 


1006 


90 


0 


1 


1 


0 


1008 


135 


0 


1 


0 


0 


1010 


180 


1 


1 


0 


0 


1012 


225 


1 


0 


0 


0 


1014 


270 


1 


0 


0 


1 


1016 


315 



[0136] Thus, the phase interpolator 801 implementation of FIG. 9 can adjust the 

phase of output signal 826 among eight distinct phases. 

[0137] FIG. 11 is an exemplary schematic of a reference stage 802 circuit that 

receives a binary control signal 822. Thus, this circuit may be employed in the 
phase interpolator 801 implementation of FIG. 9. In this circuit, reference signals 
820 and component signals 824 are each differential signal pairs that have an in- 
phase signal and a 180 degrees out-of-phase signal. Except for a 180 degrees 
phase shift, these signals are the same. As shown in FIG. 1 1, reference signal 820 
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includes an in-phase signal 1120 and an out-of-phase signal 1122. Similarly, 
component signal 824 includes an in-phase signal 1124 and an out-of-phase 
signal 1126. These signals are time varying voltage signals. 

[0138] As described above with reference to FIG. 9, reference stage 802 includes 

a scaling module 902 and a conversion module 904. As shown in FIG. 11, 
conversion module 904 includes two N channel metal oxide semiconductor 
(NMOS) field effect transistors (FETs) 1102 and 1104 that each have drain, 
source, and gate terminals. However, conversion module 904 may employ other 
transconductance devices. 

[0139] Scaling module 902 includes a current digital to analog converter (ED AC) 

1 106 that is coupled to the source terminals of FETs 1 102 and 1 104. 

[0140] Scaling module 902 receives binary control signal 822. When binary 

control signal 822 has a value of 1, IDAC 1 106 operates as a current generator 
that enables a current 1128 to flow through the drain and source terminals of 
FETs 1 102 and 1 104. However, when binary control signal 822 has a value of 
0, IDAC 1 106 does not enable current 1 128 to flow (i.e., current 1 128 has zero 
magnitude). 

[0141] The flow of current 1 128 enables reference signal 820 to be converted into 

corresponding component signal 824. That is, source current 1128 enables the 
conversion of differential reference signals 1120 and 1122 into differential 
component signals 1124 and 1126, respectively. This conversion is performed 
according to a specific scaling factor. 

[0142] Differential component signals 1124 and 1126 are electrical current 

signals that are combined at combining node 804 with differential component 
signals from other reference stages 802. This combining generates output signal 
826. An exemplary combining node 804 circuit schematic is described below 
with reference to FIG. 14. 

[0143] As described above, the phase interpolator 801 implementation of FIG. 9 

is capable of producing eight different phases for control signal 826 at a 
granularity of 45 degrees. However, the present invention may achieve finer 
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phase granularity through implementations where each control signal 822 is 
capable of having more than two distinct values. 
[0144] FIG. 12 is a block diagram showing an implementation of phase 

interpolator 801 that receives control signals 822 capable of having more than 
two distinct values. This implementation enables output signal 826 to have a 
greater number of phases than the implementation of FIG. 9. The FIG. 12 
implementation of phase interpolator 801 includes a plurality of reference stages 
802'. 

[0145] Unlike reference stages 802 of FIG. 9, each reference stage 802' receives 

a composite control signal 822'that includes a plurality of binary subsignals 1220. 
For example, reference stage 802a'receives composite control signal 822a', which 
includes subsignals I220a-d. These subsignals 1220 each contribute to the value 
of the corresponding composite control signal 822'. For example, subsignals 
1220a-d contribute to the value of composite control signal 822a'. 

[0146] For purposes of convenience, only reference stage 802a' will be described 

in detail. However, the other reference stages 802' shown in FIG. 12 may include 
identical or similar features. Reference stage 802a' includes a plurality of scaling 
modules 902. In particular, the implementation of FIG. 12 shows four scaling 
modules 902a-902d. However, any number may be employed. In addition, 
reference stage 802a' includes a conversion module 904 that is coupled to each 
of scaling modules 902a-d. 

[0147] Scaling modules 902a-d each receive a respective one of subsignals 

1220a-d. As shown in FIG. 12, scaling module 902a receives subsignal 1220a, 
scaling module 902b receives subsignal 1220b, scaling module 902c receives 
subsignal 1220c, and scaling module 902d receives subsignal 1220d. 

[0148] Each of scaling modules 902a-d provide an individual contribution to the 

reference stage 802' scaling factor. These individual contributions are based on 
the value of the corresponding control subsignal 1220. As described above, 
scaling factor is the ratio of a component signal 824 magnitude to its 
corresponding reference signal 820 magnitude. Accordingly, the aggregate sum 
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of control signals 1220a-d (also referred to herein as the value of composite 
control signal 8220 determines the reference stage 802a' scaling factor according 
to a predetermined relationship. According to one such relationship, the reference 
stage 802a' scaling factor increases with the value of composite control signal 
822'. 

[0149] Since subsignals 1220a-d are each binary signals, aggregate control 

signals 822' can have five distinct values. Thus, reference stage 802a' can 
generate component signal 824a from reference signal 820a according to five 
different scaling factors. One of these scaling factors may be equal to zero, 
thereby causing corresponding component signal 824a to also have a magnitude 
of zero. Thus, the phase interpolator 801 implementation of FIG. 11 generates 
component signals 824a-d that each may have one of five different magnitudes. 
These five different magnitudes advantageously provide a number of attainable 
control signal 826 phases across a 360 degrees range that is greater than the eight 
phases achievable with the phase interpolator 801 implementation of FIG. 9. 

[0150] FIG. 13 is a schematic of a reference stage 802' circuit that receives a 

control signal having multiple binary subsignals. Thus, this circuit may be 
employed in the phase interpolator 801 implementation of FIG. 12, which 
receives a plurality of control subsignals 1220a-d. In this circuit, reference 
signals 820 and component signals 824 are each differential signal pairs that have 
an in-phase signal and a 180 degrees out-of-phase signal. Except for a 180 
degrees phase shift, these signals are the same. As shown in FIG. 13, reference 
signal 820 includes an in-phase signal 1320 and an out-of-phase signal 1322. 
Similarly, component signal 824 includes an in-phase signal 1324 and an out-of- 
phase signal 1326. These signals are time varying voltage signals. 

[0151] As described above with reference to FIG. 12, reference stage 802 

includes a plurality of scaling modules 902a-d and a conversion module 904. 
Conversion modules 904 includes two N channel metal oxide semiconductor 
(NMOS) field effect transistors (FETs) 1302 and 1304 that each have drain, 
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source, and gate terminals. However, conversion modules 904 may employ other 
transconductance devices. 
[0152] Scaling modules 902a-d each include an EDAC 1306, shown in FIG. 13 

as IDACs 1306a-d. IDACs 1306a-d are each coupled to the source terminals of 
FETs 1302 and 1304. 

[0153] Each of IDACs 1306a-d receives a respective one of binary control 

subsignals 1220a-d and, enables a corresponding current 1328 to flow from the 
source terminals of FETs 1302 and 1304 when the respective control subsignal 
1220 has a value of 1. For example, EDAC 1306a enables a current 1328a to flow 
when subsignal 1220a equals 1. However, when a control subsignal 1220 has a 
value of 0, the corresponding EDAC 1306 does not enable corresponding current 
1328 to flow (i.e., corresponding current 1328 has zero magnitude). 

[0154] Currents 1328a-d each contribute to an aggregate current 1330. The value 

of aggregate current 1330 depends on the number of EDACs 1306 that are 
receiving a subsignal 1220 having a value of 1. As aggregate current 1330 
increases, so does the scaling factor associated with the conversion of differential 
reference signals 1320 and 1322 into differential component signals 1324 and 
1326, respectively. 

[0155] Component signals 1324 and 1326 are electrical current signals. These 

current signals are combined at combining node 804 with component signals 
from other reference stages 802. This combining generates output signal 826. An 
exemplary combining node 804 circuit schematic is described below with 
reference to FIGs. 14A and 14B. 

[0156] FIGs. 14A and 14B are schematics illustrating a combining node 804 

circuit coupled to various reference stage 802 implementations. FIG. 14A, 
illustrates this combining node 804 coupled to the four reference stage 802 circuit 
of FIG. 11. However, FIG. 14B illustrates this combining node 804 circuit 
coupled to four reference stage 802' circuits of FIG. 13. 

[0157] The combining node 804 circuit of FIGs. 14A and 14B includes a first 

resistor 1402, and a second resistor 1404. Resistors 1402 and 1404 are each 
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coupled to a voltage node 1406, such as a Vdd rail. In addition, resistors 1402 
and 1404 are coupled to reference stages 820a-d. As shown in FIGs. 14A and 
14B, resistor 1402 is coupled to a FET 1102 within each reference stage 820. 
Similarly, resistor 1404 is coupled to a FET 1 104 within each reference stage 120. 
[0158] The combining node 804 circuit of FIGs. 14A and 14B also includes a 

first output node 1408 and a second output node 1410. Output nodes 1408 and 
1410 provide output signal 826 in the form of a differential signal having an in- 
phase output signal 1420 and an out-of-phase output signal 1422. Output signals 
1420 and 1422 are voltage signals measured in relation to a reference voltage, 
such as ground. 

[0159] As described above with reference to FIGs. 11 and 13, each reference 

stage 802 includes a conversion module 904 that can generate a corresponding 
component signal 824 in the form of electrical current signals. Examples of such 
electrical current signals include signals 1124 and 1126, and signals 1324 and 
1326. 

[0160] In the FIG. 14A combining node 804 circuit, current signals 1 124a-d and 

1 126a-d contribute to a voltage drop across resistors 1402 and 1404, respectively. 
Similarly, in the FIG. 14B combining node 804 circuit, current signals 1324a-d 
and 1326a-d contribute to a voltage drop across resistors 1402 and 1404, 
respectively. In FIGs. 14A and 14B, output signal 826 (i.e., output signals 1420 
and 1422), is based on these voltage drops. 

VI. Phase Rotation 

[0161] FIG. 15 is a block diagram of phase interpolator 306 and phase control 

signal rotator 304 according to an embodiment of the present invention. For 
exemplary purposes, the embodiment of phase interpolator 306 depicted in FIG. 
15 corresponds to the phase interpolator described in connection with FIGs. 12 
and 14B. Also, the embodiment of control signal rotator 304 depicted in FIG. 1 5 
is compatible with the depicted phase interpolator embodiment. Other 
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embodiments of phase interpolator 306 (and correspondingly, of control signal 
rotator 304) are possible, as would be apparent to one of ordinary skill in the 
relevant art(s) after reading the description provided herein. For example, phase 
interpolator 306 can be implemented in accordance with the phase interpolator 
embodiments described above in connection with FIGs.9, 1 1 , and 14A, and below 
in connection with FIGs. 32 and 33. 
[0162] Phase control signal rotator 304 (also referred to as signal rotator 304) 

receives phase control command set 354 from phase error processor 314. As 
mentioned above, and as depicted in FIG. 15, phase control command set 354 
includes a phase-advance command 354a, a phase-retard command 354b, and a 
phase-hold command 354c. Phase-advance command 354a can be considered as 
a rotate-left command (that is, as a command to rotate the phase of sampling 
signal 208 in a counter-clockwise direction to advance its phase). Phase-retard 
command 354a can be considered as a rotate-right command (that is, as a 
command to rotate the phase of sampling signal 208 in a clockwise direction to 
retard its phase). 

[0163] Signal rotator 304 manipulates the digital phase control signals 340 in 

accordance with an asserted one of phase control commands 354, and provides 
the so manipulated digital phase control signals 340 to phase interpolator 306, as 
will be described in further detail below. Signal rotator 304 includes a plurality 
of storage cells 1502 arranged in a ring configuration, generally referred to as a 
ring of storage cells 1504. The ring of storage cells 1504 includes a plurality of 
ring segments 1506a, 1506b, 1506c, and 1506d connected to one another by 
signal lines 1508a-1508d in the ring configuration, as depicted in FIG. 15. Each 
of the ring segments includes a plurality of the individual storage cells 1502. 
Each of the storage cells 1502 stores a corresponding one of the plurality of 
digital phase control signals 340. In one arrangement, the ring of storage cells 
1504 is implemented as a circular shift register responsive to a shift-left, a shift- 
right, and a shift-enable control input (corresponding to commands 354a, 354b, 
and 354c, for example). 
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[0164] Each one of the digital phase control signals 340 can be a digital (i.e., 

logical) "1" or a digital "0," for example. Therefore, each of the storage cells 
1504 can store a digital "1" or a digital "0," representing one of the digital phase 
control signals at any given time. An exemplary arrangement of digital phase 
control signals stored in ring 1504 is depicted in FIG. 15, wherein each of the 
storage cells 1502 included in ring segment 1506a is a logical "1," while the 
remainder of the digital phase control phase signals stored in the storage cells of 
the other ring segments 1506b-1506d are all logical "0s." 

[0165] In the arrangement described above, digital phase control signals 340 are 

divided among a plurality of digital phase control signal sets 340a, 340b, 340c, 
and 340d. Each of the signal sets 340a-340d corresponds to a respective one of 
ring segments 1506a, 1506b, 1506c, and 1506d. In other words, the storage cells 
included in ring segment 1506a collectively provide digital phase control signal 
set 340a to phase interpolator 306, and so on. 

[0166]- Phase interpolation is described above in connection with FIGs. 8-14, and 

is now described briefly again for purposes of convenience. Phase interpolator 
306 is capable of bringing about phase shifts having granularity that is finer than 
45 degrees. Thus, phase interpolator 306 includes reference stages 802a', 802b', 
802c', and 802d', as described above with reference to FIGs. 12, 13, and 14B. 

[0167] Each of the reference stages 802a'-802d' receives a corresponding one of 

. the set of digital phase control signals 340a-340d (for example, ring segment 
1506a of ring 1504 provides digital phase control signal set 340a to reference 
stage 802a', and so on). These phase control signal sets are discrete signals 
capable of having more than two distinct values. Control signals sets 340 
correspond to control signals 822' in FIG. 12. 

[0168] Phase interpolator 306 also receives reference signal set 206 (820 in 

FIG. 12) from reference signal generator 216 (see FIG. 3). Reference signal set 
206 includes reference signals 206a, 206b, 206c, and 206d. Reference signals 
206a, 206b, 206c and 206d each have respective relative reference phases of 0°, 
90°, 180°, and 270°, for example. Reference stages 802a'-802d' respectively 
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derive component signals 824a-824d, each having a phase based on (for example, 
equal to) a corresponding one of the reference signals 206a-206d. For example, 
each of reference stages 802a -802d' scales an amplitude of a corresponding one 
of reference signals 206a-206d in response to the corresponding one of signal sets 
340a-340d, to produce a corresponding one of the component signals 824a-824d, 
in the manner described previously. Combining node 804 combines the 
component signals 802a-802d' (representing scaled versions of respective 
reference signals 206a-206d) into output signal 826, which is sampling signal 208 
in this context. 

[0169] Therefore, phase interpolator 306 can be considered as combining the 

signals in reference signal set 206, having the different phases, into sampling 
signal 208 having the interpolated phase. Phase interpolator 306 varies the 
relative proportions of the reference signals so combined in response to the 
plurality of digital phase control signal 340 applied to the interpolator. More 
specifically, each of signal sets 340a-340d controls the relative proportion of the 
corresponding one of the reference signals 206a-206d combined into sampling 
signal 208 by interpolator 306. It is to be understood that "relative proportion" 
refers to a proportion value ranging between a minimum value (such as zero, 
whereby a reference signal does not contribute to the interpolated phase) and a 
maximum value. 

[0170] When phase error processor 314 asserts rotate-left command 354a (that 

is, the phase-advance command), signal rotator ring 1 504 concurrently shifts-left 
(that is, in the direction indicated by an arrow L) each one of the digital phase 
control signals 340 from a present storage element to an adjacent next storage 
element to the left of the present storage element, in response to the command. 
Therefore, ring 1504 rotates all of the digital phase control signals 340 in counter- 
clockwise direction L. In response, phase interpolator 306 correspondingly 
rotates the interpolated phase of sampling signal 208 in the counter-clockwise 
direction (in a direction of decreasing phase), thereby advancing the phase of 
sampling signal 208 relative to serial data signal 104. . 
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[0171] When phase error processor 314 asserts rotate-right command 354b (that 

is, the phase-retard command), ring 1504 concurrently shifts-right (that is, in a 
clockwise direction indicated by an arrow R) each one of the digital phase control 
signals 340 from the present storage element to an adjacent next storage element 
to the right of the present storage element, in response to the command. 
Therefore, ring 1504 rotates all of the digital phase control signals 340 in 
clockwise direction R. In response, phase interpolator 306 correspondingly 
rotates the interpolated phase of sampling signal 208 in the clockwise direction 
(in a direction of increasing phase), thereby retarding the phase of sampling signal 
208 relative to serial data signal 104. 

[0172] Phase-hold command 354c overrides either of commands 354a and 354b. 

Therefore, when phase error processor 314 asserts phase-hold command 354c, 
ring 1504 holds all of the digital control signals in each present storage element, 
in response to the command. In other words, phase-hold command 354c prevents 
all of the digital phase control signals and correspondingly the interpolated phase 
of sampling signal 208 from rotating. 

[0173] Phase-advance and -retard commands 354a and 354b can be implemented 

as pulsed commands. As such, a single, pulsed phase-advance command 354a 
(also referred to as a phase-advance pulse 354a) causes an incremental shift-left 
of one position, and correspondingly, an incremental phase advance, as described 
above. Similarly, a single, pulsed phase-retard command 354b causes an 
incremental shift-right of one position, and correspondingly, an incremental phase 
retardation, as is also described above. Thus, the interpolated phase of sampling 
signal 208 can be incrementally rotated clockwise or counter-clockwise through 
a range of 360° by successively pulsing phase-retard and phase-advance 
commands 354b and 354a, respectively. The rate at which the interpolated phase 
of sampling signal 208 rotates corresponds to the repetition rate of pulsed phase- 
retard and phase-advance commands 354b and 354a. 

[0174] FIGs. 15A and 15B, described below, are illustrations of alternative 

implementations of ring 1504. FIG. 15A is a block diagram of ring 1504 
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i implemented as acircular shift register 1550. Shift register 1550 includes linearly 
arranged storage cells 1502 linked together to collectively form the ring 
configuration. Shift register 1550 includes left and right end cells (not labeled), 
and a signal line 1530 coupling the end cells together. 
[0175] FIG. 15B is a block diagram of ring 1504 implemented as an array of 

storage cells 1560. Array 1560 includes storage cells 1502 arranged as a matrix 
of rows and columns, as depicted in FIG. 15B. Alternative implementations of 
ring 1504 are possible, as would be apparent to one of ordinary skill in the 
relevant art after reading the description provided herein. 

VII. Phasor Diagrams 

[0176] FIG. 16A is an illustration of an exemplary phase ring 1600 useful for 

describing phase rotation in the present invention. Phase ring 1600 includes 
phase segments 1606a, 1606b, 1606c, and 1606d corresponding to ring segments 
1506a-1506d of ring 1504, and to interpolator stages 802a -802d', depicted in 
FIG. 15. Each of the phase segments 1 606a- 1606d is divided into individual, 
contiguous phase cells 1608, each representative of a discrete phase value. The 
phase cells 1608 of each of phase segments 1606a, 1606b, 1606c, and 1606d 
straddle respective phase values of 0°, 90°, 180°, and 270° (corresponding to the 
phases of reference signals 206a-206d) superimposed around phase ring 1600. 
The distribution of digital phase control signals (logical "Is" and "0s") depicted 
within phase cells 1608 corresponds to the exemplary distribution of the same 
control signals stored in ring 1504 of signal rotator 304, depicted in FIG. 15. 

[0177] The distribution of digital phase control signals within phase cells 1608 

illustrated in FIG. 16A indicates the relative proportion of the reference phases 
0°, 90°, 180°, and 270° included in a resultant phasor 1620 representing the 
resultant phase of interpolated sampling signal 208. As depicted in FIG. 16 A, a 
set of four contiguous logical "Is" 1610 resides in phase segment 1606a, while 
logical "0s" reside elsewhere. Therefore, reference or component phase 0° is 
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tumed full-on, while all of the other phases are turned-off. That is, the relative 
proportions of the reference phases are such that phase 0° is at a maximum value 
in sampling signal 208, while the other phases are at minimum values (of zero, 
for example). Therefore, the phase of sampling signal 208 output by interpolator 
306 is 0°. 

[0178] FIG. 16B is an illustration of phase ring 1600 after signal rotator 304 

shifts phase control signals 340 from the positions depicted in FIG. 15 (and 
correspondingly, in FIG. 16A) two positions to the right (that is, clockwise) in 
response to two consecutive phase-retard pulses (i.e., commands) 354b. The 
consecutive phase-retard pulses 354b are represented as consecutive clockwise 
pointing arrows 354b in FIG. 16B. In accordance with the distribution of control 
signals 340 depicted in FIG. 16B, each of component phases 0° and 90° is at half 
of its maximum value (since the four logical "Is" 1610 are distributed such that 
two are within phase segment 1606a corresponding to phase 0° while the other 
two are within phase segment 1606b corresponding to phase 90°), while all other 
phases are turned off. Therefore, interpolator 314 produces sampling signal 208 
with an interpolated phase 1620 of 45° (half-way between 0° and 90°). 

[0179] FIG. 16C is an illustration of phase ring 1600 after signal rotator 304 

shifts phase control signals 340 from the positions depicted in FIG. 15 (and 
correspondingly, in FIG. 16A) two positions to the left (that is, counter- 
clockwise) in response to two consecutive phase-advance pulses (i.e., commands) 
354a. The consecuti ve phase-advance pulses 354a are represented as consecutive 
counter-clockwise pointing arrows 354a in FIG. 16C. In accordance with the 
distribution of control signals 340 depicted in FIG. 16C, each of component 
phases 0° and 270° is at half of its maximum value (since the four logical "Is" 
1610 are distributed such that two are within phase segment 1606a while the 
other two are within phase segment 1606d), while all other phases are turned off. 
Therefore, interpolator 314 produces sampling signal 208 with an interpolated 
phase 1620 of 315° (half-way between 0° and 360°). 
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[0180] In the exemplary configurations depicted in FIGs. 15 and 16A-16C, phase 

interpolator 3 14 can produce sixteen different phases ranging from 0° to 270° with 
a phase resolution of approximately 22° (360716 = 22°). 

[0181] The density of phase control signal logical "Is" within the phase ring 

remains constant as the digital phase control signals 340 and correspondingly the 
interpolated phase is rotated. As a result, sampling signal 208 advantageously 
maintains a constant amplitude as the phase of the sampling signal varies over a 
range of 360°. For example, with reference to the exemplary circuits shown in 
FIGs. 13 and 14B, a constant density of logical "Is" maintains a constant number 
of currents 1328. This, in turn, provides constant amplitude output signals 826. 

VHI. Frequency Synchronization 

[0182] Interpolator 306 produces sampling signal 208 at a sampling frequency co s 

(where angular frequency co s = 27zf s ) based on a frequency co r common to each 
reference signal in the set of reference signals 206 from reference signal generator 
304 (that is, each of the reference signals has the reference frequency co r ). In the 
embodiment of interpolator 306 described above in connection with FIG. 15, 
frequency co s of interpolated sampling signal 208 is equal to reference frequency 
co r of each of the reference signals in reference signal set 206 (that is, co s = co r ). 

[0183] FIG. 17 is an illustration of a portion of timing recovery module 202 

corresponding to when an undesirable angular frequency offset Aco exists between 
serial data signal 104 and sampling signal 208. As depicted in FIG. 17, serial 
data signal 104 has an angular frequency co d established by a transmit oscillator 
(not shown) remote from and independent of reference signal generator 304 in the 
present invention. Because of differences between the remote transmit oscillator 
and reference oscillator 304, frequency co d and reference frequency co r may be 
offset from one another by frequency offset Aco (for example, co d = co r + Aco), as 
depicted in FIG. 17. Therefore, serial data frequency co d and sampling frequency 
co s are correspondingly offset from one another by the same frequency offset, Aco. 
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[0184] As mentioned above, it is desirable for sampling frequency co s to match 

serial data frequency co d (for example, such that co d = n»to s , where n is an integer 
greater than zero), whereby once serial data signal 104 and sampling signal 208 
are phase aligned with each other, they remain phase aligned over time. 
Therefore, timing recovery module 202 of the present invention adjusts sampling 
frequency co s to compensate for the above mentioned frequency offset Aco, to 
thereby match the frequency of sampling signal 208 to that of serial data signal 
104. The present invention adjusts sampling frequency co s in the manner 
described below. 

[0185] Interpolated sampling signal 208 has a frequency co s (based on reference 

frequency co r ) and an interpolated phase q>, (for example, see phasor 1620 in 
FIGs. 16A-16C). While the interpolated phase cp, of sampling signal 208 is 
maintained at or dithered around a constant/average phase value, sampling signal 
frequency co s is correspondingly maintained at a base frequency equal to reference 
frequency co r . However, since frequency is the derivative of phase (that is, to = 
d<p/dt, where (p is phase), interpolator 306 can repetitively rotate interpolated 
phase cp, through 360° at a predetermined rate to frequency shift sampling 
frequency co s away from the base frequency co r . The magnitude of the frequency 
shift, Acq,, is governed by the equation: 

Aco, = dcp/dt, 

where dcpj/dt represents the rate at which phase cp, is rotated. 
[0186] Accordingly, the sampling frequency oo s of sampling signal 208 is 

governed by the equation: 

co s = co r ± dcp/dt, or equivalently 
co s = co r ± Aco,. 

[0187] Therefore, the present invention can rotate phase (p, of sampling signal 

208 at different rates to correspondingly produce different sampling frequencies 
co s . 

[0188] FIG. 18 is an illustration of a portion of timing recovery module 202, 

wherein phase rotation as described above is used to compensate for a frequency 
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difference between serial data signal 104 and reference signals 206 (that is, phase 
rotation is used to match the frequency of sampling signal 208 to that of serial 
data signal 104). Serial data signal 104 has a frequency co d - co r + Aco. Timing 
recovery module 202 causes interpolator 306 to rotate interpolated phase <p, 
counter-clockwise in the direction indicated by an arrow 1806 at a rate 
corresponding to Aco, such that d<p/dt = Aco, = Aco. Therefore, interpolator 306 
produces sampling signal 208 at frequency co s = co r + dcp/dt, or equivalently co s = 
co r + Aco, such that sampling signal 208 and serial data signal 104 have matching 
frequencies. 

[0189] FIG. 18A is a block diagram of a timing recover system 1810 for 

frequency synchronizing sampling/timing signal 208 with serial data signal 104, 
according to an embodiment of the present invention. FIG. 1 8 A is similar to FIG. 
3. Timing recover system 1810 includes phase interpolator 306 coupled to a 
controller 1820 for controlling the phase interpolator. Controller 1820 includes 
data and phase paths 308 and 3 10, phase detector 3 12, phase error processor 314, 
and phase control signal rotator 304. Controller 1820 applies control signals 340 
to phase interpolator 306 to control the interpolated phase of sampling signal 208 
(and 344). Controller 1820 includes phase error processor 314 to derive an 
estimate of a frequency effort between sampling signal 208 and serial data signal 
104, as will be described in further detail below. Controller 1820 manipulates 
control signals 340 in response to the frequency offset, to cause phase interpolator 
306 to rotate the interpolated phase of sampling signal 208 at a rate corresponding 
the frequency offset, so as to reduce the frequency offset between serial data 
signal 104 and sampling signal 208. 

[0190] FIG. 19 is a block diagram of phase error processor 3 14 according to an 

embodiment of the present invention. Phase error processor 314 includes a short- 
term phase error processor 1904, a frequency offset estimator 1906 (also referred 
to as a long-term phase processor 1906), and a rotate command generator 1908. 
Short-term processor 1904 and frequency offset estimator 1906 receive phase 
eiror 350 from phase detector 312. 
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[0191] Short-term processor 1904 integrates phase errors over a relatively short 

time period, and thus responds relatively rapidly to changes in phase between 
sampling signal 208 and serial data signal 104. Processor 1904 derives a phase 
adjust signal 1910 in response to the aforementioned short-term phase changes. 
Processor 1904 provides the phase adjust signal 1910 to rotate command 
generator 1908, 

[0192] On the other hand, frequency estimator 1906 integrates phase errors over 

a relatively long period of time (for example, in comparison to short-term 
processor 1904), and thus, responds relatively slowly to changes in phase between 
sampling signal 208 and serial data signal 104. Frequency estimator 1906 
examines changes in phase error signal 350 over time to derive an estimate of a 
frequency offset, for example, Aco, between serial data signal 104 and sampling 
signal 208 (which may result from a corresponding frequency offset between 
serial data signal 104 and reference signals 206). Frequency estimator 1906 
provides a signal 1912 indicative of frequency offset estimate Aco to rotate 
command generator 1908. 

[0193] In alternative arrangements, the functions performed by frequency 

estimator 1 906 and short-term processor 1904 can be combined into a single logic 
block. Alternatively, frequency estimator 1906 can integrate signal 1910 output 
by short-term processor 1904, to produce signal 1912. Also, short-term processor 
1904 and frequency estimator 1906 can be implemented as accumulators, such 
that signals 1910 and 1912 include accumulator over- and under-flow conditions. 
Other embodiments of phase error processor 314 are possible as would be 
apparent to one of ordinary skill in the relevant art(s), after reading the 
description provided herein. 

[0194] Rotate command generator 1908 derives rotate commands 354 (described 

above) based on phase adjust signal 1910 and frequency offset estimate signal 
1912. Rotate command generator 1908 can be part of one or both of blocks 1904 
and 1906. In one embodiment, rotate command generator 1908 generates pulsed 
phase-advance and phase-retard commands 354a and 354b (described above) in 
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response to signals 1910 and 1912. In such an embodiment, rotate command 
generator 1908 generates pulsed commands 354 at a repetition rate based on the 
frequency offset estimate Aco provided in signal 1912. This causes digital control 
signals 340 and correspondingly the phase of sampling signal 208 to rotate at a 
rate based on (for example, equal to) the frequency offset Aco. On the other hand, 

. . • ' ■ " .4 

phase adjust signal 1910 tends to perturbate the above mentioned repetition rate 
and correspondingly the phase rotation rate of sampling signal 208, in response 
to short-term phase errors. In the above described manner, timing recovery 
module 202 can adjust sampling signal frequency co s to match serial data 
frequency co d . 

[0195] Other embodiments of rotate command generator 1908 are possible as 

would be apparent to one of ordinary skill in the relevant art(s), after reading the 
description provided herein. 

[0196] Timing recovery module 202 implements a phase and frequency locked 

(that is, tracking) loop, including phase controller 302, phase control signal 
rotator 304, and phase interpolator 306, all described previously. The phase and 
frequency locked loop causes the sampling signal phase and frequency to track 
the serial data signal phase and frequency, whereby sampling signal 208 and 
serial data signal 104 remain phase-aligned and frequency synchronized over 
time. 

[0197] Short-term phase error processor (for example, short-term filter) 1904 in 

phase error processor 3 14 establishes a phase tracking bandwidth of the phase and 
frequency locked loop. Long-term phase processor (for example, filter) 1906 
establishes a frequency tracking bandwidth of the phase and frequency locked 
loop. Short-term filter 1904 responds more quickly to phase changes in serial 
data signal 104 than does long-term filter 1906. As a result, short-term absences 
of serial data signal 104 (caused by signal drop-outs and the like, for example) 
can cause the phase and frequency locked loop to loose track of the serial data 
signal phase, since short-term filter 1904 is responsive to such short-term signal 
losses. Therefore, after such signal losses, the phase and frequency locked loop 
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must re-acquire the serial data signal phase so as to re-establish a phase locked 
condition. 

[0198] On the other hand, such short-term signal absences have less of an adverse 

affect on long-term filter 1906. Therefore, once the phase and frequency locked 
loop begins rotating the sampling signal phase at an initial rate to frequency 
synchronize the sampling and serial data signals 208 and 104, the phase and 
frequency locked loop tends to continue rotating the sampling signal phase at the 
same initial rate during the short-term signal losses. Therefore, when serial data 
signal 104 returns after such a signal loss, sampling signal 208 tends to still be 
frequency synchronized with serial data signal 104 (assuming the serial data 
signal frequency does not change substantially during the signal loss). Thus, the 
phase and frequency locked loop need only re-establish the phase locked 
condition mentioned above, since the loop is still frequency synchronized with 
serial data signal 104. This advantageously reduces the time required to re- 
acquire the phase locked condition. 

[0199] FIG. 20 is a flow chart of an example method 2000 of tracking the 

frequency of serial data signal 104 using phase rotation according to the present 
invention. 

[0200] Method 2000 expands on steps 720 and 730 of method 700 described 

above in connection with FIG. 7. Step 720 includes steps 2002, 2004, and 2006. 
At step 2002, short-term phase error processor 2002 derives short-term phase 
adjust signal 1910 by, for example, short-term filtering phase error signal 350. 

[0201] At next step 2004, frequency estimator 1906 estimates the frequency 

offset Aco between sampling signal 208 and serial data signal 104. Frequency 
estimator 1906 derives the frequency offset estimate by, for example, long-term 
filtering of phase error 350. 

[0202] At a next step 2006, rotate command generator 1908 generates phase 

rotate commands (for example, commands 354a and/or 354b) to compensate for 
both the short-term phase offset and the frequency offset Aco. 
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[0203] 



Next step 730 includes a step 2010. At step 2010, phase control signal 



rotator 304 rotates digital phase control signals 340 and correspondingly 
interpolated phase (p, of sampling signal 208 in response to phase rotate 
commands (such as commands 354a and 354b), such that sampling signal 208 
and serial data signal 104 become phase aligned and frequency synchronized with 
one another. 

[0204] The term "frequency synchronized" means sampling frequency co s and 

serial data signal frequency co d are matched to one another, such that data sample 
times t d established by the frequency of sampling signal 208, and coinciding with 
optimum symbol sample times t Q , do not "drift" relative to the symbol sample 
times t Q , over time. For this to be the case in the present invention, sampling 
frequency co s and serial data signal frequency co d need to be related to one another, 
but not necessarily equal to one another, such that the frequencies are 
synchronized. For example, frequencies co s and co d are considered synchronized 
to one another when co d = n«co s , where n is an integer greater than one. 

[0205] To decrease frequency co s relative to reference frequency co r (and serial 

data frequency co d ) in the present invention, sampling signal phase <p, is rotated 
in the clockwise direction (that is, in the direction of increasing phase) at the 
necessary rate. On the other hand, to increase frequency co s , phase cp, is rotated 
in the counter-clockwise direction (that is, in the direction of decreasing phase) 
at the necessary rate (for example, at a rate equal to the frequency offset Aco). For 
example, with reference again to example phase ring 1600 of FIG. 16 A, the 
present invention rotates phasor or phase value 1620 in the clockwise direction 
around phase ring 1600 to decrease frequency co s by an amount equal to the rate 
of rotation. On the other hand, the present invention rotates phasor or phase value 
1620 in the counter-clockwise direction around phase ring 1600 to increase 
frequency co s by an amount equal to the rate of rotation. 

[0206] FIG. 20A is a flow chart of an example method 2015 expanding on 

rotating step 2010 of method 2000. A step 2020 is initiated when the frequency 
co s of sampling signal 208 is greater than the frequency co d of serial data signal 1 04 
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(i.e., when co s > co d ), whereby step 2020 decreases the frequency of the sampling 
signal, and correspondingly, reduces frequency offset Ago. 

[0207] On the other hand, a step 2025 is initiated when the frequency of sampling 

signal 208 is less than the frequency of serial data signal 104 (i.e., when co s < co d ), 
whereby step 2025 increases the frequency of the sampling signal, and 
correspondingly, reduces frequency offset Aco. 

[0208] Example timing recovery systems 202 and 1810 include control signal 

rotator 304 for rotating phase control signals 340, and correspondingly, the 
interpolated phase of sampling signals 208 and 344. However, the present 
invention is not limited to such embodiments. For example, FIG. 20B is a block 
diagram of an example timing recovery system 1845 for synchronizing sampling 
and serial data signal frequencies, without using a control signal rotator. Instead, 
timing recovery system 1845 includes a phase interpolator 306' and a controller 
1850. Phase interpolator 306' can be any known phase interpolator capable of 
adjusting the interpolated phase of sampling signal 208 in response to an 
interpolator control signal 340' (which may be a signal set 340 7 ) compatible with 
the phase interpolator. For example, in a conventional configuration of phase 
interpolator 306' including multiplexer selectors for selecting between different 
signal phase to produce interpolated phases of sampling signal 208, control signal 
set 340' may include multiplexer select signals, and so on. 

[0209] Timing recovery system 1845 also includes phase detector 312 coupled 

to a phase error processor 3 14'. Phase error processor 3 14' includes a frequency 
estimator to derive a frequency estimate (that is, a frequency measurement) of the 
frequency offset between sampling signal 208 and serial data signal 206, as 
described above, for example. In an alternative arrangement, phase detector 312 
and phase error processor 314' are combined into a single logic block for 
detecting the frequency offset. Phase error processor 3 14'provides control signal 
340', indicative of the frequency offset, to phase interpolator 306'. In response to 
control signal(s) 340', phase interpolator 306' rotates the interpolated phase of 
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sampling signal 208 to reduce the frequency offset between the sampling signal 
and serial data signal 104. 

[0210] FIG. 20C is a flow chart of a high level example method 2000' of 

frequency synchronizing and phase-aligning sampling signal 208 to serial data 
signal 104. Method 2000' is similar to method 2000, andean be implemented by 
either of timing control systems 202 and 1 845 . Method 2000' includes a step 720' 
similar to step 720 of method 2000. However, step 720' includes a generalized 
sub-step 2006'. In step 2006', controller 1820/1850 (of timing system 202/1845) 
manipulates phase control signals 340/340', applied to phase interpolator 
306/306', in response to the detected phase and frequency offsets, so as to control 
the interpolated phase of sampling signal 208. For example, controller 1820 
rotates phase control signals 340 using rotator 304 (rotating control signals 340 
was previously described as part of step730/2010 in FIG. 20, but is moved into 
step 720' of method 20000. 

[021 1] On the other hand, controller 1 850 can manipulate phase control signals 

340' in other ways, as would be apparent to one of ordinary skill in the art after 
reading the description provided herein. For example, controller 1850 can modify 
the values (for example, logic "1" or "0") of various ones of the phase control 
signals in accordance with the phase and frequency offset, instead of rotating the 
phase control signals, so as to correspondingly rotate the interpolated phase of 
sampling signal 208. Phase error processor 314' can include 
formatting/generating logic to generate and/or manipulate phase control signals 
340' such that the phase control signals are compatible with phase interpolator 
306'. 

[0212] A next step 730' is similar to step 730 of method 2000. In step 730', 

interpolator 306/306' rotates the interpolated phase of sampling signal 208 in 
response to phase control signals 340/340'. Step 730' is similar to step 730 to the 
extent phase interpolator 306 rotates the interpolated phase of sampling signal 
208 in response to phase control signals 340. However, step 730' does not 
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include rotating phase control signals 340, since this step is subsumed by 

previous step 720' in method 2000', as described above. 
[0213] FIG. 20D is a flow chart of a high level example method 2060 of 

frequency synchronizing sampling signal 208 to serial data signal 104. 
[0214] An initial step 2064 includes deriving sampling signal 208 having an 

interpolated phase (using phase interpolator 306/306', for example). 
[0215] A next step 2070 includes estimating a frequency offset between sampling 

signal 208 and serial data signal 104 (using phase error processor 314/314', for 

example). 

[0216] A next step 2075 includes rotating the interpolated phase of sampling 

signal 208 at a rate corresponding to the frequency offset, so as to reduce the 
frequency offset. 

[0217] 

IX. High-Speed Serial Transceiver 

[0218] FIG. 2 1 is an illustration of an example multiple channel communication 

device 2100 constructed on an integrated circuit (IC) chip 2102, according to an 
embodiment of the present invention. Communication device 2100 is a multiple 
channel (that is, multi-channel) transceiver, including multiple receivers and 
multiple transmitters, as described below. Each of the serial data signals is 
associated with a different channel. Communication device 2100 receives 
multiple analog serial data signals 2104a, 2104b, 2104c, and 2104d (collectively 
referred to as multiple serial data signals 2104). Communication device 2100 
includes multiple receive-lanes 2106a, 2106b, 2106c, and 2106d (collectively 
referred to as multiple receive-lanes 2106, and each being associated with a 
receiver/receive-channel of communication device 2100). Each of receive-lanes 
2106 receives a corresponding one of multiple serial data signals 2104, as 
depicted in FIG. 2 1 . Each of receive-lanes 2 106 processes the corresponding one 
of serial data signals 2104 to produce a corresponding one of multiple digital data 
streams 2108a, 2108b, 2108c, and 2108d (collectively referred to as digital data 
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streams 2108). Receive-lanes 2106 provide data streams 2108 to a digital data 
sample processor 21 12. Communication device 2100 is referred to as a multiple 
receiver or multi-channel communication device because of the multiple receive- 
lanes 2106 and associated circuits, described below. 
[0219] Communication device 2 100 includes a master timing generator 21 14 for 

generating a master timing signal 2116. Master timing generator 2114 can 
include a reference oscillator and a PLL, such as reference oscillator 330 and PLL 
332, described above in connection with FIG. 3. Master timing generator 21 14 
provides master timing signal 2116 to each of the multiple receive-lanes 2106. 
In one arrangement, to minimize signal crosstalk and interference in the present 
invention, master timing signal 2116 includes a pair of differential (that is, 
complementary) clock signals/waves routed to each of receive-lanes 2106 over 
a pair of clock lines. 

[0220] Communication device 2 100 also includes multiple transmit-lanes 21 30a, 

2130b, 2130c, and 2130d (collectively referred to as multiple transmit-lanes 
2130). Data sample processor 2112 provides multiple transmit data streams 
2134a, 2134b, 2134c, and 2134d (collectively referred to as multiple transmit 
digital data streams 2134) to corresponding ones of transmit-lanes 2130, as 
depicted in FIG. 2 1 . Master timing generator 2114 provides master timing signal 
2116 to each of the multiple transmit-lanes 2130. Transmit-lanes 2130 each 
transmit a corresponding one of multiple analog serial data signals 2 140a, 2140b, 
2140c, and 2140d (collectively referred to as multiple transmit analog serial data 
signals 2140). In alternative embodiments, communication device 2100 may 
include more or fewer receive-lanes 2106 and transmit-lanes 2130. 
Communication device 2100 can include more or less than four receiver and/or 
transmit lanes in other embodiments. 

[0221] FIG. 22 is an illustration of receive-lane 2106a, according to a multiple 

data path per receive-lane embodiment of the present invention. In an 
embodiment, exemplary receive-lane 2 106a is substantially identical to the other 
receive-lanes 2106b-d, therefore the following description of receive-lane 2106a 
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shall suffice for the others. Receive-lane 2106a includes a data module 2204, a 
phase module 2206, and a sampling signal generator 2208. Also depicted in 
FIG. 22 is digital data sample processor 2112. As depicted, processor 2112 
includes a data demultiplexer module 2210a and an interpolator control module 
2212a, both corresponding to receive-lane 2106a. Processor 2112 provides 
interpolator phase control signals 22 14a, including a first phase control signal set 
2214a, and a second phase control signal set 2214a 2 , to sampling signal generator 
2208. . 

[0222] Sampling signal generator 2208 derives a plurality of timing signals 

required to operate receive-lane 2106a from master timing signal 2116, as 
described below. An advantage of deriving such timing signals locally within 
receive-lane 2 106a, is to reduce signal/clock cross-talk and interference across IC 
chip 2102, and to reduce the number of signal traces or tracks distributed across 
the IC chip. 

[0223] Sampling signal generator 2208 includes a first signal set generator 2220. 

First signal set generator 2220 derives a set of reference signals 2222 having 
different predetermined phases from master timing signal 2116. Signal set 2222 
can be the same as or similar to reference signal set 206 described above in 
connection with FIG. 15, for example. Signal set generator 2220 provides signal 
set 2222 to a phase interpolator module 2224. 

[0224] Phase interpolator module 2224 receives signal set 2222 and phase control 

signals 2214a from processor 2220. In the embodiment depicted in FIG. 22, 
phase interpolator module 2224 includes first and second phase interpolators 
2226, and2226 2 . Each of phase interpolators 2226, and 2226 2 receives signal set 
2222, together with a respective one of phase control signal sets 2214a, and 
2214a 2 included in phase control signals 2214a. In response to these signal 
inputs, phase interpolators 2226, and 2226 2 respectively derive interpolated 
timing signals 2230, and 2230 2 (collectively referred to as interpolated timing 
signals 2230). Phase interpolator module 2224 provides interpolated timing 
signals 2230 to a second signal set generator 2234. 
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[0225] Second signal set generator 2234 derives multiple time-staggered data and 

phase sampling signals 2238 from interpolated timing signals 2230. Therefore, 
time-staggered data and phase sampling signals 2238 each has an interpolated 
phase corresponding to the interpolated phase of timing signals 2230. 
Time-staggered data and phase sampling signals 2238 include time-staggered data 
sampling signals dO, dl, d2, and d3, and time-staggered phase sampling signals 
xO, xl, x2, and x3. Signal set generator 2234 generates the multiple 
time-staggered data and sampling signals 2238 such that data sampling signal dO 
and phase sampling signal xO are paired with one another, data sampling signal 
dl and phase sampling signal xl are paired with one another, and so on. 

[0226] In the example embodiment depicted in FIG. 22, master timing signal 

2116 has a frequency equal to the symbol frequency B (that is, baud rate B) of 
serial data signal 2 1 04a. First signal set generator 2220 includes four-phase clock 
generator divide-by-two divider circuits, such that generator 2220 generates four 
signals in signal set 2222, each at a frequency B/2. Thus, phase interpolators 
2226, and 2226 2 produce respective interpolated timing signals 2230, and 2230 2 
each at a corresponding frequency of B/2. In an embodiment, timing signals 
2230! , and 2230 2 have respective phases offset from each other by 90°. Second 
signal set generator 2234 includes eight-phase clock generator divide-by-two 
divider circuits, to produce each of the eight data and sampling signals 2238 at 
a frequency B/4. 

[0227] Data module 2204 includes multiple parallel data paths 2242 0 , 2242,, 

2242 2 , and 2242 3 (collectively referred to as data paths 2242). Each of the data 
paths 2242 0 , 2242,, 2242 2 , and 22 42 3 receives serial data signal 2104a. Each of 
data paths 2242 0 , 22 42,, 22 42 2 , and 2242 3 samples serial data signal 2104a 
according to a corresponding one of time-staggered data sampling signals dO, dl , 
d2, and d3, thereby producing corresponding multiple time-staggered data sample 
streams 2244 0 , 2244,, 2244 2 , and 2244 3 (collectively referred to as multiple 
time-staggered data sample streams 2244), as depicted in FIG. 22. Therefore, 
multiple data paths 2242 provide multiple data streams 2244 to processor 21 12. 
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The use of multiple parallel data sampling paths within a receive-lane in the 
present invention, as depicted in FIG. 22, for example, facilitates processing of 
high frequency serial data signals, such as a serial data signal having a 
multi-gigabit symbol rate, because each of the parallel data paths can sample the 
serial data signal at a rate below the multi-gigabit symbol rate, as will be further 
described below. 

[0228] Phase module 2206 includes multiple phase paths 2250 0 , 2250,, 2250 2 , 

and 2250 3 (collectively referred to as multiple phase paths 2250). Each of the 
phase paths in multiple phase paths 2250 samples serial data signal 2104a 
according to a corresponding one of time-staggered phase sampling signals xO, 
x 1 , x2, and x3, as depicted in FIG. 22, thereby producing multiple time-staggered 
phase sample streams 2252 0 , 2252,, 2252 2 , and 2252 3 (collectively referred to as 
phase sample streams 2252). Data streams 2244 and phase streams 2252 
collectively form data stream 2108a depicted in FIG. 21. In alternative 
embodiments, receive-lane 2106a can include more or fewer data and phase paths 
2242 and 2250. Also, different ones of receive-lanes 2106 can have different 
numbers of data paths and different numbers of phase paths. Also, sampling 
signal generator 2208 in each receive-lane can derive more or less time-staggered 
data and phase sampling signals according to the number of parallel data and 
phase paths in the receive-lane. Sampling signal generator 2208 can include less 
or more phase interpolators, as the need arises to generate more or less timing and 
sampling signals in the receive-lane. 

[0229] In an embodiment, each of data paths 2242 and phase paths 2250 are 

substantially identical, and therefore, the following description of exemplary data 
path 22 42 0 shall suffice for the other data and phase paths in such an embodiment. 
Data path 2242 0 includes a sampler 2260, an equalizer 2262 following sampler 
2260, and a quantizer 2264 following the equalizer. Sampler 2260 samples 
analog serial data signal 2104a at sample times established by data sampling 
signal dO, to produce a sampled analog data signal 2270 representative of serial 
data signal 2104a. Equalizer 2262 equalizes sampled analog data signal 2270 to 
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produce an equalized, sampled analog data signal 2272. Thus, equalizer 2262 
reduces inter-symbol interference present in serial data signal 2104a. Quantizer 
2264 quantizes analog samples of sampled analog signal 2272 into 
corresponding, quantized digital data samples. Quantizer 2264 provides signal 
22 44 0 , including the quantized digital data samples, to processor 2112. 
Exemplary further details of data and phase paths including equalizers are 

provided in US Non-Provisional Application No. (Firm docket No: 

1 875.0560003), filed April 30, 2001 , entitled "Methods and Systems for Adaptive 
Receiver Equalization," incorporated herein by reference in its entirety. 

[0230] Data demultiplexer module 2210a receives multiple time-staggered (that 

is, time-skewed) data streams 2244. Data demultiplexer module 2210a 
time-deskews and then demultiplexes/deserializes multiple time-staggered data 
streams 2244, to produce a demultiplexed data sample stream 2280a 
representative of serial data signal 2104a. Demultiplexed data sample stream 
2280a includes quantized digital data samples arranged in a parallel word format. 
Therefore, data demultiplexer module 2210a can be considered a deserializer or 
serial-tO-parallel converter module. 

[0231] Interpolator control module 2212a receives multiple data streams 2244 

from data module 2204 and multiple phase streams 2252 from phase module 
2206. Interpolator control module 2212a detects phase and frequency offsets 
between multiple time-staggered data sampling signals d0-d3 and serial data 
signal 2104a. Interpolator control module 2212a derives interpolator phase 
control signals 2214a in response to the detected phase and frequency offsets, as 
described above. In response to phase control signals 2214, phase interpolator 
module 2224 rotates the interpolated phase of timing signals 2230, and 
correspondingly of time-staggered data and phase sampling signals 2238, to 
compensate for the detected phase offset and at a rate corresponding to the 
detected frequency offset, as described above. In this manner, interpolator control 
module 2212a causes time-staggered data sampling signals d0-d3 to be 
phase-aligned and frequency-synchronized with serial data signal 2104a. 
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[0232] FIG. 23 is an illustration of various example signal waveforms (b)-(j) 

from receive-lane 2106a depicted in FIG. 22. 

[0233] Waveform (a) represents a clock wave 2302 having a frequency B=l/T 

corresponding to a symbol rate of serial data signal 2104a. 

[0234] Waveform (b) represents serial data signal 2104a, including consecutive 

NRZ symbols 2304, each having a symbol period T. 

[0235] Waveforms (c)-(j) respectively represent time-staggered data and phase 

sampling signals dO, xO, dl, xl, d2, x2, d3, and x3. As depicted in FIG. 23, each 
sampling signal (for example, dO) is offset in time (that is, time-staggered or 
time-skewed) from the next sampling signal (for example, xO) by a half symbol 
period (that is, by a time offset = T/2). Therefore, consecutive data sampling 
signals (for example, dO, dl, and dl, d2) are time-staggered by a symbol period 
T. Each of the sampling signals d0-d3, and x0-x3 has a sampling signal period 
= 4*T (that is, a sampling signal frequency of one-quarter the symbol rate of serial 
data signal 2104a). As a result, in each sampling signal period 4»T, data 
sampling signals d0-d3 cause data paths 2242 0 _ 3 to collectively sample four 
consecutive symbols of serial data signal 2 104a, such that each data path samples 
a different one of the four consecutive symbols. In an example implementation 
of the present invention, serial data signal 2104a has a symbol rate = 3. 125 GHz, 
and each of sampling signals d0-x3 has a sampling signal rate = 781.25 MHz. 

[0236] FIG. 24 is a phase circle 2400 representing the evenly spaced phases of 

sampling signals d0-x3 depicted in FIG. 23. A phase rotation of 360° 
corresponds to a sampling signal period of 4*T. 

[0237] FIG. 25 is a block diagram of data demultiplexer module 22 10a, according 

to an embodiment of the present invention. Data demultiplexer module 2210a 
includes a data deskewer 2502 followed by a data demultiplexer/deserialize 2504. 
Data deskewer 2502 receives multiple time-staggered data sample streams 2244 
and multiple data sampling signals d0-d3. Data deskewer 2502 time-deskews 
(that is, removes the time offset between) multiple data sample streams 2244, and 
presents corresponding deskewed data sample streams 2510 0 _ 3 to demultiplexer 
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2504. For example, in each data sampling period, data deskewer 2502 receives 
four time-staggered symbol samples from data sample streams 2244, collectively. 
Data deskewer 2502 time-deskews the four data samples, and presents four 
corresponding deskewed data samples to demultiplexer 2504 (in multiple 
deskewed data streams 25 lO^). 

[0238] Data demultiplexer 2504 deserializes/demultiplexes the deskewed data 

sample streams 25 10 0 _ 3 to produce deserialized/demultiplexed data sample stream 
2280a. Demultiplexer 2504 includes a set, such as five, four-bit registers 25 lO^, 
for example. During five consecutive data sampling periods, data demultiplexer 
module 2210a consecutively transfers five sets of four deskewed data samples 
from deskewer 2502 (that is, from data sample streams 2510 0 _ 3 ) into 
corresponding consecutive ones of the five four-bit registers 2512 0 _4. Thus, 
twenty serialized data samples are transferred to registers 25 1 2^ in demultiplexer 
2504. Demultiplexer 2504 constructs a twenty-bit wide parallel word including 
the twenty serialized data samples mentioned above. Demultiplexer 2504 outputs 
the twenty-bit parallel word representative of the twenty serialized data samples 
in demultiplexed data sample stream 2280a. Demultiplexer 2504 can transfer the 
twenty-bits as two ten-bit parallel words, for example. 

[0239] FIG. 26 is a block diagram of interpolator control module 2212a, 

according to embodiment of the present invention. Interpolator control module 
2212a receives the multiple data streams 2244 and the multiple phase streams 
2252. Interpolator control module 2212a includes phase detector 2212, phase 
error processor 2214, and a phase control signal rotator 2604. Phase control 
signal rotator 2604 includes a first phase control signal rotator 2204 , and a second 
phase control signal rotator 2204 2 to correspondingly produce first and second 
phase control signal sets TI\A<l x and 2214a 2 of phase controls signals 2214a. 
Other embodiments of interpolator control module 2212a are possible, as would 
be apparent to one of ordinary skill in the relevant art(s). For example, and as 
described above in connection with FIG. 20B, the interpolator control module is 
not limited to an embodiment including a control signal rotator. 
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[0240] Multiple data paths 2242, multiple phase paths 2250, phase detector 22 1 2, 

phase error processor 22 14, and the signal rotators of phase control signal rotator 
2604, operate together in a manner consistent with the description of the same or 
similar elements described previously in connection with timing recovery module 
202, for example. Therefore, receive-lane 2106a includes a timing recovery 
system/module (such as timing recovery module 202) associated with the receive- 
lane, to phase and frequency track serial data signal 2104a. In other words, the 
timing recovery module associated with receive-lane 2106a adjusts the 
interpolated phases of time-staggered data sampling signals d0-d3 such that each 
of the sampling signals d0-d3 causes the corresponding one of data paths 2242 
to optimally sample consecutive symbols in serial data signal 2104a. In 
accordance with the operation of the timing recovery module associated with 
receive-lane 2106a, sampling signal dO causes data path 2242 0 to sample a mid- 
point of a first symbol of serial data signal 2104a, sampling signal dl causes data 
path 2242! to sample a mid-point of a next symbol of serial data signal 2104a, 
and so on. 

[0241] In addition, the timing recovery module associated with receive-lane 

2106a frequency synchronizes data sampling signals d0-d3 with serial data signal 
2104a. In other words, the timing recovery module associated with receive-lane 
2106 causes the interpolated phases of data sampling signals d0-d3 to rotate at a 
rate that synchronizes a common frequency, f s , of sampling signals d0-d3 to the 
symbol baud rate B of serial data signal 2104a. In the example embodiment 
depicted in FIG. 21, the timing recovery module associated with receive-lane 
2106a rotates the interpolated phases of data sampling signals d0-d3 at a rate such 
that the common sampling frequency f s = B/4. 

[0242] FIG. 27 is a block diagram of processor 2112, according to an 

embodiment of the present invention. Processor 2112 includes multiple data 
demultiplexer modules 2210a, 2210b, 2210c, and 2210d (collectively referred to 
as data demultiplexer modules 2210), each corresponding to the data sample 
streams (that is, data streams 2244) of one of data streams 2108a-2108d. 
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Processor 21 12 also includes multiple interpolator control modules 22 12a, 2212b, 
2212c, and 2212d (collectively referred to as interpolator control modules 2210), 
each corresponding to one of data streams 2108a, 2108b, 2108c, and 2108d. In 
other words, processor 2112 includes a data demultiplexer module and an 
interpolator control module for each receive channel of communication device 
2100. 

[0243] Therefore, each of the receive-lane is associated with a separate timing 

recovery module (such as timing recovery module 202), wherein each timing 
recovery module operates independently of each other timing module. This 
means the timing recovery module associated with receive-lane 2106a tracks a 
phase and a frequency of serial data signal 2104a, while the timing recovery 
module associated with receive-lane 2106b can track a different phase and a 
different frequency of serial data signal 2104b, and so on. For example, the 
interpolated phases of the sampling signals (d0-d3) associated with receive-lane 
2 106a can be rotated independently of and at a rate different from the interpolated 
phases of the sampling signals associated with the other receive-lanes 2106b-c. 

[0244] FIG. 28 is a block diagram of a communication device 2800, 

corresponding to communication device 2 100, according to another embodiment 
of the present invention. Unlike the communication device embodiment depicted 
in FIG. 22, communication device 2800 does not include multiple parallel 
sampling paths within a receive-lane of the communication device, as will be 
described below. 

[0245] Communication device 2800 is constructed on an IC chip 2802. 

Communication device 2800 includes multiple receive-lanes 2804a-n. 
Receive-lane 2804a includes a sampling signal generator 2806a, a data path 
2808a, and a phase path 28 10a. An interpolator control module 28 1 2a is included 
as part of a digital data processor, not shown. Sampling signal generator 2806a 
includes signal set generator 2220 (as described in connection with FIG. 22, for 
example), and a phase interpolator 2814. Interpolator control module 2812a 
includes phase detector 2212, phase error processor 2214, and phase control 
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signal rotator 2204, as described previously. Phase interpolator 2814 provides 
interpolated sampling signals 2815! and 2815 2 to respective data and phase paths 
2808a and 2810a. Data path 2808a and phase path 2810a can include the same 
elements as are included in data path 2242 0 , described in connection with FIG. 22. 
If this is the case, then data path 2808a and phase path 28 10a each provide serial, 
quantized, digital data samples (2816! and 2816 2 , respectively) to the digital data 
processor (not shown). Alternatively, a data demultiplexer/deserializer can be 
added to each of data path 2802a and phase path 2810a, after quantizer 2264 in 
each path. Such a data demultiplexer after quantizer 2264 supplies demultiplexed 
data samples (in parallel word format) to the digital data processor. 

[0246] FIG. 29 is a flow chart of an example method of processing a serial data 

signal in multiple parallel data paths, using receive-lane 2106a depicted in FIG. 
22, for example. An initial step 2902 includes generating a master timing signal 
(for example, using master timing generator 21 14). 

[0247] A next step 2904, includes generating multiple time-staggered sampling 

signals (such as signals d0-d3) based on the master timing signal. 

[0248] A next step 2906 includes sampling a received, analog serial data signal 

(such as serial data signal 2104a) in accordance with each of the multiple time- 
staggered sampling signals (for example, d0-d3), thereby producing multiple 
time-staggered data sample streams (such as data sample streams 2244). 

[0249] A next step 2908 includes time-deskewing the multiple time-staggered 

data streams (for example, using deskewer 2502). 

[0250] A next step 2910 includes demultiplexing multiple time-deskewed data 

streams produced in step 2908 (using, for example, demultiplexer 2504 depicted 
in FIG. 25). 

[0251] FIG. 30 is a flow chart of an example method 3000 of frequency 

synchronizing multiple data sampling signals (channels) to corresponding ones 
of multiple serial data signals using communication device 2100. Method 3000 
can be implemented using the communication device embodiments depicted in 
both FIGs. 22 and 28. 
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[0252] An initial step 3002 includes generating a master tinning signal (using 

master timing generator 21 14, for example). 

[0253] A next step 3004 includes deriving multiple sampling signals (such as a 

sampling signal dO in receive-lane 2106a, sampling signal dO in received-lane 
2106b, and sampling signal dO in received-lane 2106c) based on the master 
timing signal (for example, master timing signal 2116). Each of the multiple 
sampling signals is associated with one of multiple serial data signals (for 
example, sampling signal dO in receive-lane 2106a is associated with serial data 
signal 2104a, sampling signal dO in receive-lane 2106b is associated with serial 
data signal 2104b, and so on). Each of the sampling signals has an interpolated 
phase. 

[0254] A next step 3006 includes sampling and quantizing each of the multiple 

serial data signals (2104a, 2104b, and so on) according to the associated one of 
the sampling signals (for example, sampling signal dO in receive-lane 2104a, and 
sampling signal dO in receive-lane 2104b, and so on). 

[0255] A next step 3008 includes rotating the interpolated phase of each sampling 

signal at a rate corresponding to a frequency offset between the sampling signal 
and the serial data signal associated with the sampling signal (such as between 
sampling signal dO in receive-lane 2106a and serial data signal 2104a), whereby 
each sampling signal is frequency synchronized with each associated serial data 
signal. 

X. Example Transceiver Use 

[0256] In an embodiment, the present invention is implemented as a signal router. 

A signal router can be used to route one or more information signals between a 

plurality of components. 
[0257] FIG. 3 1 is an illustration of an example use of a transceiver of the present 

invention. The transceiver of the present invention is used in an example signal 

router 3100, including a front panel 3102, a back plane 3104 and one or more 
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interfacing circuit boards 3106. Front panel 3102 typically includes a plurality 
of connectors or "jacks," to which external devices, such as computers, servers, 
terminals, communications devices, other routers, and the like, can be coupled. 
The router 3100 receives and transmits (i.e., routes) signals between the external 
devices. 

[0258] Each interfacing circuit board 3106 includes a finite number of 

connections to the front panel 3102 for receiving and/or transmitting signals 
from/tO external devices. Additional interfacing circuit boards 3106 can be 
utilized to accommodate additional external devices. The backplane 3104 
permits the router 3100 to route signals between multiple interfacing circuit 
boards 3 106. In other words, the backplane 3 104 permits the router 3 100 to route 
signals between external devices that are coupled to different interfacing circuit 
boards 3106. 

[0259] Interfacing circuit boards 3106 can include a variety of digital and/or 

analog components. When multiple interfacing circuit boards 3106 are utilized, 
two or more of them can be similar and/or dissimilar. The interfacing circuit 
boards 3106 illustrated in FIG. 31 are provided for illustrative purposes only. 
Based on the description herein, one skilled in the relevant art(s) will understand 
that additional and/or alternative components/features can be provided with the 
interfacing circuit boards 3106. 

[0260] Example interfacing circuit board 3106 is now described. Interfacing 

circuit board 3106A optionally includes one or more interface components 3108 
that receive and/or buffer one or more signals received from external devices 
through the front panel 3 102. In the illustrated example, the interface component 
3108 receives an optical signal 3109 from the front panel 3102. Accordingly, in 
this embodiment, interfacing component 3108 includes one or more optical 
converters that convert the optical signal 3 109 to an electrical analog data signal, 
illustrated here as an analog serial data signal 3112. Additionally, or 
alternatively, interfacing component 3108 sends and/or receives one or more 
other analog data signals 3114A-n to/from other external devices through the 
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front panel 3102. Additionally, or alternatively, interfacing component 3108 
sends and/or receives one or more of the signals 3114A-n to/from somewhere 
other than the front panel 3102. 
[0261] The serial analog data signal 3112 is provided from the interfacing 

component 3 108 to a transceiver 3 1 10, which can be implemented as one or more 
of transceivers 2100 (FIG. 21), for example. Transceiver 3 1 10 permits the router 
3100 to both receiver and transmit analog serial data 3112 from and to external 
devices. 

[0262] Within the transceiver 31 10, a receiver portion 3111 (including receive- 

lanes 2106, master timing generator 2114, and digital data sample processor 
2112, for example) converts the serial analog data signal 31 12 to one or more 
digital data signals, illustrated here as parallel digital data signals 3116. 

[0263] The parallel digital data signals 31 16 are optionally provided to a switch 

fabric 3118, which can be a programmable switching fabric. The optional 
switching fabric 3118 provides any of a variety of functionalities. 

[0264] The optional switching fabric 3118 outputs parallel digital data signals 

3120 to second transceiver 3122, which can be implemented as one or more of 
transceivers 2100 (FIG. 21), for example. A transmitter portion 3123 (including 
transmit-lanes 2130 and digital data sample processor 21 12, for example) within 
the transceiver 3 122 converts the parallel digital data signals 3 120 to serial analog 
data signals 3124 and transmits them across the back plane 3104 to other 
interface circuit boards 3106n, and/or back to interface circuit board 3106A. 

[0265] A receiver portion 3111 within the transceiver 3122 receives analog data 

signals 3124 from the back plane 3104 and converts them to parallel digital data 
signals 3120. The parallel digital data signals 3120 are provided to the switch 
fabric 3118, which provides any of a variety of functionalities. The switch fabric 
3118 outputs parallel digital data signals 3116 to a transmitter 3123 within the 
transceiver 3110, which converts them to analog data signals for transmission to 
an external devices, possibly through the interface component 3 108 and the front 
panel 3102. 



# 
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[0266] Additional interface circuit boards 3106n operate in a similar fashion. 

Alternatively, one or more of the interface circuit boards 3 106A-n are configured 
with more or less than the functionality described above. For example, in an 
embodiment, one or more of the interface circuit boards 3106A-n are configured 
to receive analog data signals from the front panel 3102 and to provide them to 
the back plane 3104, but not to receive analog data signals 3124 from the back 
plane 3104. Alternatively, one or more of the interface circuit boards 3106A-n 
are configured to analog data signals 3124 from the back plane 3104 and provide 
them to the front panel, but not to receive analog data signals from the front panel 
3102. 

XI. Further Phase Interpolator Implementations 

[0267] As described herein, embodiments of the present invention include a 

phase interpolator 306 that may be implemented in the manner described above 
with reference to FIGs. 8-14B. However, other implementations may be 
employed for phase interpolators 306, 306', 2226, and 2814. Two alternative 
example implementations are illustrated in FIGs. 32 and 33. 

[0268] FIG. 32 is a block diagram of a phase interpolator implementation 3200. 

Implementation 3200 includes four reference stages 3202a-d. Like the phase 
interpolator 801 implementations of FIGs. 8-I4B, reference stages 3202a-d 
receive reference signals 820a-d, respectively. Further, reference stages 802a-d 
also receive control signals 822a-d, respectively. 

[0269] Like the phase interpolator implementations described above with 

reference to FIGs. 8-14B, each reference stage 3202 generates a component signal 
824 from its corresponding reference signal 820 according to a scaling factor that 
is the ratio of its component signal 824 magnitude to its corresponding reference 
signal 820 magnitude. This scaling factor is determined by corresponding control 
signal 822, through the use of variable gain amplifiers (VGAs) 3204. Each 
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component signal 824 is combined (e.g., summed) at combining node 804 to 
produce output signal 826, having an interpolated phase. 



receives a corresponding reference signal 820 and a corresponding control signal 
822. For example, reference stage 3202a receives reference signal 820a and 
control signal 822a. Each VGA 3204 has a gain that determined by the value of 
it corresponding control signal 822 according to a predetermined relationship. In 
one such relationship, gain increases as the control signal 822 increases. In an 
alternative relationship, gain decreases as the control signal 822 increases. 

[0271] The scaling factor of each reference stage 3202 is determined by the gain 

of its VGA 3204. In particular, for example, as the gain increases, so does the 
corresponding reference stage 3202 scaling factor. 

[0272] FIG. 33 is a block diagram of a phase interpolator implementation 3300. 

Like implementation 3200, implementation 3300 includes amplifiers. However, 
implementation 3300 provides adjustable scaling factors through variable 
resistance. 

[0273] As shown in FIG. 33, implementation 3300 includes four reference stages 

3302a-d that each include a constant gain amplifier 3304 that is coupled to a 
variable resistance 3306. Like the phase interpolator 801 implementations of 
FIGs. 8-14B, reference stages 3302a-d receive reference signals 820a-d, 
respectively. Further, reference stages 802a-d also receive control signals 822a-d, 
respectively. For each reference stage 3302, its amplifier 3304 receives the 
corresponding reference signal 820 and its variable resistance 3306 receives the 
corresponding control signal 822. 

[0274] Each reference stage 3302 generates a component signal 824 from its 

corresponding reference signal 822 according to a scaling factor that is the ratio 
of its component signal 824 magnitude to its corresponding reference signal 820 
magnitude. This scaling factor is determined by corresponding component signal 
822, through the use of variable resistances 3306. Each component signal 824 is 



[0270] 



As shown in FIG. 32, each reference stage 3202 includes a VGA 3204 that 
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combined (e.g., summed) at combining node 804 to produce output signal 826, 



of its variable resistance 3306. As shown in FIG. 33, each variable resistance 
3306 receives a corresponding control signal 822. The value of each variable 
resistance 3306 is determined by the value of its corresponding control signal 822 
according to a predetermined relationship. In one such relationship, resistance 
decreases as the control signal 822 increases. Alternatively, resistance increases 
as the control signal 822 increases. 

[0276] The scaling factor of each reference stage 3302 is determined by the value 

of its variable resistance 3306. In particular, as the resistance increases, the 
corresponding reference stage 3202 scaling factor decreases. 

[0277] Each of the phase interpolators described above are responsive to digital 

phase control signals for controlling the interpolated phase produced by the 
interpolator. Thus, such phase interpolators can be advantageously used in digital 
timing recovery systems implemented as "all" digital timing recovery systems 
including all digital control loops. This can advantageously improve reliability 
in producing and operating such timing recovery systems. However, it is to be 
understood that the present invention can also include phase interpolators 
responsive to analog phase control signals for controlling the interpolated phase. 
For example, the present invention can include reference stages (including VGAs, 
variable resistances, EDACs, and the like) responsive to phase control signals, 
each having multiple analog levels, to control the magnitudes of corresponding 
component signals, and thus, the interpolated phase. 

[0278] Each of phase interpolators 306, 306', 2226 t , 2226 2 , and 2814, described 

above, can be implemented in many ways, as would be apparent to one of 
ordinary skill in the relevant art(s) after reading the description provided herein. 



[0275] 



having the interpolated phase. 

The scaling factor of each reference stage 3302 is determined by the value 
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[0279] While various embodiments of the present invention have been described 

above, it should be understood that they have been presented by way of example 
only, and not limitation. For example, aspects of the present invention are 
described above in the context of a phase interpolator having four reference 
stages. However, the present invention may include phase interpolators having 
any number of reference stages. 

[0280] For instance, the present invention may include a three reference stage 

phase interpolator. In this embodiment, each reference stage receives one of three 
reference signals that are offset in phase by 120 degrees. Alternatively, the 
present invention may include a two reference stage phase interpolator, each 
reference stage receiving one of two reference signals having spaced phases. 

[0281] Finally, it will be understood by those skilled in the art that various 

changes in form and details may be made therein without departing from the spirit 
and scope of the invention as defined in the appended claims. Thus, the breadth 
and scope of the present invention should not be limited by any of the 
above-described exemplary embodiments, but should be defined only in 
accordance with the following claims and their equivalents. 



